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The research on new energy solutions is nowadays a key point in order to de-
velop a sustainable society. Great efforts have been made in the last years on
the improvement and commercialization of alternative energy systems, like
solar cells, wind turbines, geothermal well, bio-fuels and hydrogen. In this
view, fuel cells represent a promising system for a clean and efficient power
generation, based on the conversion of the hydrogen chemical energy into
electricity through a chemical reaction, with pure water as waste emission.
Among the various type of fuel cells, proton exchange membrane fuel cells
(PEMFC) are particularly promising for automotive applications due to their
low start-up time and low working temperature, but are still affected by is-
sues that limit their diffusion on the market, like the sharp decay of proton
conductivity of one of the main component, the proton conductive mem-
brane, at high temperature (T > 100 °C) and low humidity conditions. An
attractive strategy explored in order to obtain membranes with better perfor-
mances is the incorporation into the host polymer matrix of inorganic acidic
materials, able to increase the system water retention and at the same time the
total number of acidic sites. Until now a large variety of different filler and
membranes materials have been studied in literature, usually with promising
results in terms of membrane performances under critical conditions. How-
ever, to optimize and properly tailor these systems a deeper understanding of
their structure and operation mechanism is required and experimental tech-
niques like Raman and infrared spectroscopy represent a valuable tool to
clarify the effects of the filler incorporation on the membrane structure and
properties. The specific aim of the present thesis is to carry out a systematic
Raman and infrared analyses on different composite membranes containing
nanosized fillers.
To introduce the studied systems, in the first chapter of the thesis the fuel cell
working principles are presented, together with the description of the main
type of fuel cell systems currently under study. Special attention is given to
the proton exchange membrane fuel cells, in particular to their components,
strengths and problems. In chapter 2, Raman and infrared spectroscopy theo-
ries and experimental details are presented. The experimental part is divided
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between chapter 3, 4 and 5. In total, two different polymer matrices and five
nano-fillers are studied: in chapter 3 a system composed by SnO2 (with and
without sulfate functionalization) and Nafion is analysed, in chapter 4 the re-
sults on sulfated TiO2 included in Nafion at different weight percentage (2, 5
and 7 %) are presented and finally pure and propyl sulfonate TiO2 included
in SPEEK are studied in chapter 5. For all the systems, the fillers vibrational
properties, their effective inclusion into the membranes as well as the effect
that the inclusion has on both fillers and polymers have been studied with
micro-Raman and infrared spectroscopy. Furthermore, on the Nafion-based
systems, a Raman analysis on the inner environment of the composite poly-
mers carried out at different ambient relative humidities and temperatures,
never performed before on composite membranes, coupled with infrared and
water uptake results, provides deeper insights about the complex behaviour





1.1 Why fuel cells?
Fuel cells, due to their high efficiencies and low emissions, have recently re-
ceived much attention due to the growing concerns on the climate change
and the depletion of petroleum-based energy resources. In fact, a fuel cell
efficiency can reach over 60 % in electrical energy conversion and a reduction
in major pollutants over 90 % [1].
Generally, a fuel cell is an electrochemical devices that directly convert chem-
ical energy (stored in fuels) into electrical energy and heat. In addition to
Hydrogen, a large variety of fuels can be used to generate electrical energy,
giving the possibility to efficiently employ different energy sources.
Up to now, five categories of fuel cells have received major research efforts:
• Phosphoric Acid Fuel Cells (PAFCs): characterized for the use as elec-
trolyte of liquid phosphoric acid in a bonded silicon carbide matrix and
of finely dispersed platinum catalyst on carbon for electrodes.
The charge transfer inside the cell is due to a flux of hydrogen ions
from anode to cathode. This type of fuel cell operates at around 180
°C, is quite resistant to poisoning by carbon monoxide, but has a low
electrical efficiency.
• Solid Oxide Fuel Cells (SOFCs): they have solid ceramic, such as sta-
bilized zirconium, as electrolyte. The charge transfer inside the cell is
due to a flux of oxygen ions from cathode to anode. Due to the not-acid
environment, a precious metal catalyst is not necessary. They can run
on hydrocarbon fuels such as methane and due to the high working
temperature (800 °C - 1000 °C) usually they run continuously.
• Molten Carbonate Fuel Cells (MCFCs): characterized by the presence
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of molten carbonate salt suspended in a porous ceramic matrix as elec-
trolyte and a flux of carbonate ions from cathode to anode. A precious
metal catalyst is not required due to the not-acid environment. They
can run on hydrocarbon fuels and operate at about 650 °C. Due to the
high working temperature they usually run continuously.
• Alkaline Fuel Cells (AFCs): so called for the use of an alkaline so-
lution, i.e. potassium hydroxide in water, as electrolyte. The charge
transfer inside the cell is due to a flux of hydroxide ions from cathode
to anode. They are very sensitive to poisoning, and are generally fu-
elled with pure hydrogen and oxygen. Working temperature of AFCs
is about 70 °C.
• Polymer Electrolyte Membrane (PEM) Fuel Cells (or PEMFCs): bet-
ter described in section 1.2, are also called Proton Exchange Membrane
fuel cell, and are characterized by an acidic polymer membrane as elec-
trolyte and a flux of hydrogen ions. Platinum based catalyst are gener-
ally present on both electrodes. They operate at low temperature (be-
low 100 °C). An important PEM sub-category is represented by Direct
Methanol Fuel Cells (DMFC), that use methanol instead of hydrogen
as fuel.
1.2 PEM fuel cell
Among the different type of fuel cells, PEMs are characterized by high power
density, rapid response to varying load, relatively quick start-up and low
operating temperatures. All these features make PEMFCs a promising candi-
date as the next generation power sources for stationary and portable appli-
cations, in particular for vehicle technology [2, 3]. By now most of the major
motor companies are studying PEM fuel cells, and some fuel cell vehicles
have already been developed, like, for instance, the General Motor Hydro-
Gen4, the Ford Focus FCV, the Honda FCEV and others [4]. Almost all of this
car models are in an advanced phase of development, with expected commer-
cial availability in the next years. Moreover, Hyundai is currently offering in
leasing the Hyundai Tucson fuel cell in Southern California, an offer that will
be expanded to other regions as fuelling infrastructure becomes available [5].
Other than in vehicle technology, PEMFC are now used like backup powers,
e. g. Ballard FCgen 1020 [6], and portable and residential power supply.
Historically, PEM fuel cells gained prominence in 1959 after the incorpora-
tion of an ion-exchange resin as electrolyte by General Electric [7], and the
employment of the obtained fuel cell for the Gemini space mission in 1962. A
fundamental improvement in PEM technology was then made in the 1970s,
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with the adoption of the fluorinated Nafion polymer as the membrane mate-
rial. However, it was only a couple of decades ago that PEM fuel cell technol-
Figure 1.1: PEM fuel cell working scheme, from [8]
ogy gained the industrial attention, with the outcomes of new methods for
reducing the amount of platinum required. In particular Raistrick’s patent in
1989 [9] and the 1993 patent by Wilson [10], with the invention of the catalyst
ink technique for the electrodes fabrication, gave the possibility to reduce the
amount of platinum metal needed and at the same time to increase the uti-
lization of the active catalyst.
Today PEMFC can be divided into two main categories: the so called clas-
sical PEM fuel cell and the Direct Methanol Fuel Cell (DMFC). Both use a
proton exchange fuel cell as electrolyte, but while classical PEM are fuelled
by hydrogen, DMFC use methanol. This difference means that the waste
from a DMFC is not only pure water but also carbon dioxide, and that other
technological problems are involved with respect to classical PEM due to the
presence of methanol, like membrane methanol permeation and methanol
electro-oxidation. A great advantage is, of course, the easier transport and
storage of fuel as compared to the pure hydrogen fuel cell. Since the present
thesis work is done on membranes for classical PEMs, and the eventual effect
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of the inclusion of these membrane on DMFC will be not discussed, so only
the first PEM type will be described in details.
Figure 1.1 represents a classical PEMFC working scheme: hydrogen is fed to
the PEM anode where a catalyst separates electrons from protons. The elec-
trolyte membrane does not conduct electrons, so that they must travel outside
it via an electrical circuit to reach the other side of the cell, generating an elec-
trical current. At the cathode oxygen combines with electrons and protons,
giving water as a product. The half-cell reactions taking place in a PEMFC
are:




O2 + 2H+ + 2e− ←→ H2O




According to the fundamental structure, a single PEMFC could be divided
into different components: current collectors, seals (gasket), flow fields and the
membrane-electrode assembly (MEA). The MEA, the fuel cell core, is in turn
composed by two electrodes and the proton exchange membrane in between (Fig-
ure 1.2). All the cell components are sandwiched between two end plates that
enable the sealing of the different components by compression.
Furthermore, the two metallic current collectors are the fuel cell connec-
Figure 1.2: PEM fuel cell main components.
tion with the outer electrical circuit. The gaskets are both current insulator,
to avoid short circuit, and seals. The two flow field plates, usually made on
graphite for laboratory use, have a flow channel conveniently carved on one
of the surfaces. Through this channel the reactant gases reaches the fuel cell
electrodes, and because only the MEA in direct contact with the reagent will
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work properly, different channel designs have been studied in order to in-
crease the gas-electrode contact without effecting the current conduction and
the heat dissipation.
All these fuel cell parts are supportive components designed to assure the
best gas flux, water and heat dissipation and electrical connection at the
MEA, where the electrochemical process takes part.
Electrodes and PEM are the components of the so called MEA. Together with
PEMs, electrodes are the most studied fuel cell components, because of their
high impact on the total fuel cell cost. In fact, the large amount of Platinum
needed in original fuel cells was one of the reasons of their initial exclusion
from commercialization, and the reduction of the Pt loading is still a current
topic in fuel cells research. Researchers who work on electrodes deal with
fuel cell components that, to be effective, need to correctly balances the trans-
port processes required for fuel cell operation: transport of protons from the
membrane to the catalyst, of electrons from the current collector to the cata-
lyst and of the reactant and product gases to and from the catalyst layer and
the gas channels.
The electrodes can be divided into two main parts, each one with different
functions: the gas diffusion layer (GDL) and the catalyst layer (Figure 1.3).
The gas diffusion layer is necessary to sustain the thin catalyst layer and to
Figure 1.3: PEM fuel cell: electrode structure, from [11]
enhance the MEA zone reachable by gases. It is inserted between the flow
field and the catalyst layer and has a thickness in the range from 100 to 300
µm: it is usually made of microporous carbon paper or carbon cloth with a
mixture of carbon black and PTFE. Carbon paper or cloth is needed for the
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structural strength and to assure the electron conduction. The role of PTFE,
due to its hydrophobic structure, is to prevent the electrode flooding (espe-
cially at the cathode where water is produced) and to force water to move
away toward the gas flow channels [12]. GDL properties are strongly depen-
dent on the level of compression: usually the proper final layer thickness is
around 70% - 80% of the initial value. To reach the GDL desired compression
the thickness of the gasket around the GDL-electrode zone is properly chosen
in order to obtain the right GDL final thickness when the fuel cell is closed by
the end plates.
The catalyst layer, also referred to as the active layer, is the location of the
half-cell reactions in a PEM fuel cell. Its function is to support the catalyst
particles, made of Pt or Pt-alloys, in close contact with the membrane. The
first generation of PEM fuel cell had Pt black as electrocatalyst, usually with
a loading of 4 mgPt/cm2, characterized by long lifetime but with prohibitive
cost. A great effort in research was done in reducing Pt loading below 0.4
mgPt/cm2, mainly by developing methods to increase the utilization of the
deposited platinum [11], but work has still to be done.
Gasteiger et Al. [13] fixed a Pt loading in MEA to ca. 0.15 mgPt/cm2 in or-
der to sustain a large- scale automotive application. To reach this goal both
cathode and anode Pt loading have still to be reduced, but while lowering the
Pt-loading for anode electrodes even down to 0.05 mgPt/cm2 is simple due to
the large activity of Pt toward the H2 oxidation reaction (HOR), a lowering of
cathode loadings below 0.4 mgPt/cm2 is much more difficult due to the poor
activity of Pt for the oxygen reduction reaction (ORR). Two main ways to fur-
ther decrease the Pt loading are the optimization of electrode structures and
the implementation of more active Pt- alloy catalysts. Some Pt-alloys (like
PtCr, PtV, PtTi and others) have already shown a higher catalyst activity than
pure Pt, with lower costs, but with a higher risk of PEM contamination due
to the leaching of non-noble base elements incorporated in the alloy (possible
for example for the intrinsic base-metal thermodynamical instability under
PEMFC potential in acidic electrolytes).
As for cheaper Platinum-free catalyst, which can be used in higher quantity
to compensate the lower activity, PEM acidic environment rules out all par-
ticles of non-metals and most of the oxides. A limited success was achieved
with transition metal ion stabilized by several nitrogen bound in a graphite-
like or aromatic carbon structure, but the durability of these systems is still
under investigation [14].
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1.3 Polymer electrolyte membranes
The development of commercial ion-conducting polymer electrolytes deeply
changed the field of electrochemical devices. In fact, the variety of available
polymers gives the possibility to choose a material with the ideal conduc-
tivity for a precise ion and the stability needed for the desired application.
Moreover, polymeric electrolytes does not have the extreme corrosivity and
confinement problems of traditional electrolyte systems like sulfuric acid and
potassium hydroxide [15].
As for fuel cells, researchers were engaged in developing organic ion-exchange
membranes for this application already in the 40’s. The currently most used
proton exchange membrane, Nafion, was developed in the late 60’s by Du
Pont researchers, even if its first use was for perm-selective separator in chloro-
alkaly electrolyzers. During the next decades a wide number of PEMs were
developed, both poly(perfluorosulfonic acid) membranes like Nafion or with
a different chemical structure, like the cheaper but less chemically resistant
hydrocarbon polymers [16].
All proton exchange membranes have to fulfil some important properties:
they must have a high ionic conductivity with little electronic component
and they must be stable in oxidizing and reducing environments due to their
role as physical separator for the fuel and oxidant. In addition, the electrolyte
must be both mechanically and electrically robust to endure the start-up and
shut down procedure, should have the capability for fabrication into mem-
brane electrode assemblies and have a low water transport through diffusion
and electro-osmosis [17, 18].
Based on the chemical species, proton exchanging membranes can be divided
in 6 main categories:
• Poly(perfluorosulfonic acid) based membranes: like Du Pont Nafion,
are composed by a fluorinated backbone like PTFE, a fluorocarbon side
chain and ionic clusters consisting of sulfonic acid ions attached to the
side chains. Other than Nafion®, two examples are Flemion, produced
by Asahi Glass and Aciplex-S, produced by Asahi Chemical.
• Styrene-based membranes: styrene polymer are easy to synthesize,
but if the polymer is not fluorinated the oxidative stability is low. Ex-
amples are BAM from Ballard and sulfonated styrene - ethylene - buty-
lene - styrene (SEBS) from Dain Analytic’s [19].
• Poly(arylene ether)s based membranes: wholly aromatic polymers,
have high thermal and chemical resistance [20, 21]. However, the pro-
ton conductivity is less at low relative humidity than in Nafion. One
example is Sulfonated Poly(Ether Ether Kethone) (SPEEK).
• Poly(imide)s based membranes: five-membered ring polyimides are
9
high performance material, but with a tendency to fast degradation in
water. Six-membered ring are more stable, but still suffers from hydrol-
ysis stability problems. Branching and cross-linking seems to improve
oxidative stability and mechanical strength [22, 23].
• Polyphosphazene based membranes: characterized by good thermal
and chemical stability and an easy addition of various side chain for
ion exchange sites. However, their low glass transition temperatures
cause poor mechanical properties.
• polybenzimidazole (PBI): if the imidazole hydrogen is replaced by a
sulfonated group, PBI can be used as backbone of sulfonated poly-
mers conducting protons in the hydrated state. They have good ion
exchange capacity but low water uptake and no data on the tempera-
ture dependence of the swelling have been published until now. More-
over, they present a low proton conductivity. Not modified PBI are
used instead as high temperature membranes: the polymer, due to the
basic nature of benzimidazole group, can absorb polyvalent oxoacids
(like sulfuric and phosphoric acid) and proton conduction can occur
without water [24]. In this case, problems arises when acid is diluted
by water and from the absorption of phosphoric acid on platinum sur-
faces.
Apart from polybenzimidazole, that rely on protonation of benzimidazole
groups for proton conduction, all the other kinds of PEMs listed above usu-
ally rely on sulfonic acid as proton conducting moiety. Recently also new pro-
ton conductors groups have been investigated, and one promising alternative
to sulfonic acid is represented by phosphonic-based polymers. These mem-
branes shows lower acidity than sulfonic acid ones but have better chemical
and thermal stability compared to the corresponding sulfonic acid-function-
alized polymers [25, 26].
Among the different type of membranes here described, this thesis work is
focused on the characterization of Nafion composite membranes and SPEEK
composite membranes, so a more detailed description of these two polymers
will be presented in the next sections.
1.3.1 Nafion
Nafion is a copolymer of perfluoro-sulfonic acid characterized by hydropho-
bic fluorocarbon backchains and hydrophilic sidechains with terminal sul-
fonic acid groups. Its chemical structure is represented in Figure 1.4.
Nafion is obtained by copolymerization of variable amounts of unsaturated
perfluoroalkyl sulfonyl fluoride (PSEPVE) with tetrafluoroethylene (TFE).
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It is commercially available in different equivalent weights (grams of dry
Figure 1.4: Nafion chemical structure
polymer per mole of sulfonic acid groups): a higher percentage of sulfonic
group resulted in an increased proton conduction but, on the other hand, also
the membrane swelling in water is increased and the mechanical properties
are poorer. A good balance between these effects is obtained in Nafion-117
(EW 1100), which in fact is the most used one.
The main problem of Nafion is represented by its production costs. Currently,
1 Kg of polymer costs around 5000 dollars (compared to 10 dollars/Kg for
PTFE). This is due to the high cost of manufacture (high cost of monomers,
materials dangerous to handle) and to the small market volume. As for auto-
motive application, Mathias et al. conducted a study in which they calculated
that the membrane cost will drop down to less than 200 dollars/Kg with 1
million car produced per year, a price not prohibitive for automotive appli-
cation [27]. Based on this analysis, it seems that Nafion-based fuel cell could
reach reasonable prices, and the use of Nafion membrane would not com-
pletely prevent the PEMFC from being cost competitive with internal com-
bustion engine [15].
In the last forty years a wide number of studies on Nafion have been reported
with the aim to analyze the material chemical microstructure and nanoscale
morphology. As a matter of fact a deep knowledge of the material structure
is mandatory to rationally design the membrane and obtain the optimum
performances in terms of proton conductivity, water management, hydration
stability at high temperatures, electro-osmotic drag, and, finally, mechanical,
thermal, and oxidative stability.
Morphological characterizations using X-rays and neutrons, like small-angle
scattering techniques, give data that are, unfortunately, not easy to interpret.
Due to this difficulty, different models for Nafion structure have been pro-
posed over the years to explain the experimental data.
One of the first model proposed was the cluster-network model of Gierke
[29, 30], based on small-angle X-ray scattering (SAXS) studies. This model
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Figure 1.5: Schematic representation of the microstructures of Nafion (derived from
SAXS experiments). From [28]
assumes the existence of 40 A˚ -in-diameter clusters of sulfonate-ended per-
fluoroalkyl ether groups that are organized as inverted micelles connected by
pores that are 10 A˚ in size.
In the following years, a wide number of other possible structures have been
proposed: almost all recognize the existence of ionic groups aggregate in the
perfluorinated polymer matrix to form a network of clusters that can be sig-
nificantly swelled by polar solvents and allow an efficient ionic transport.
The main differences between the different model are in the geometry and
spatial distribution of the ionic clusters.
More recent SAXS and NMR measurements [28] have given a consistent param-
etrization for a simple model of Nafion microstructure where water and ion
containing domains are channel surrounded by the polymeric material. A
pictorial view of this proposed structure is visible in Figure 1.5.
Even if the precise Nafion microstructure is still not completely sure, some
basic characteristic are almost universally accepted by now: structural and
thermal stability are provided by the PTFE backbone and it is within the hy-
drophilic domain that proton and water transport occurs. The membrane can
thus be divided into three different zones: the fluorocarbon region, the inter-
facial region, consisting of side chains with solvated sulphonate groups, and
the pores central zone, composed by ”bulk-like” water.
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It is a matter of fact that Nafion conductivity sharply decrease with lower
Figure 1.6: Qualitative picture of Nafion environment with different hydration: a)
low water content (proton transport along the polymer surface), b) medium water
content (interfacial water start to screen sulfonate ions, c) high water content (Grot-
thus mechanism). From [18]
water content, a complication for the use of Nafion in fuel cells. For this rea-
son, a great effort was made to find theoretical models for ions transport in
Nafion and to understand the role of water in the mechanism of proton con-
duction. One of the most famous model was proposed by Eikerling et al. in
2001 [31, 32], in which they distinguished two different mechanism of proton
transports inside a Nafion pore: bulk transport and surface transport. In the
pores bulk the mechanism is similar to the proton transport in pure water,
in which an ’excess’ proton or protonic defect diffuses through the hydrogen
bond network of water molecules through the formation or cleavage of co-
valent bonds (Grotthus mechanism [33]). On the other hand, on the polymer
surface, protons hop along the array of SO−3 ions (surface hopping), but be-
cause of the distance between the ionic groups (0.6-1.2 nm) too large to allow
a direct movement of the protons from one SO−3 to the next, these must hop
via intermediate water molecules. This protons transport is characterized by
a higher activation energy (and thus lower mobility) due to the strong elec-
trostatic interaction between protons and sulfonate ions [34].
The difference in proton conductivity between dry and wet membrane can
thus be explained: as the membrane adsorbs more water the size of the pores
increases with a consequent increase in bulk-like portion of water and a high-
er conductivity. The different environments are described in Figure 1.6: at
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low hydration (a) hydronium ions move along the polymer surface, then
with increasing water content (b) water in interfacial region screens weakly
bounded water from ion-dipole interactions and finally, with high water con-
tent (c) water and proton move more freely, with an environment more simi-
lar to pure water.
This model is validated also by the comparation of water self-diffusion co-
efficient (obtained by pulsed-field-gradient NMR) and proton diffusion (ob-
tained from conductivity data): the diffusion rates diverge with increasing
water content, revealing a predominant Grotthus type hopping at higher hy-
dration and an increasingly decoupled transport of water and protons as the
membrane gains more water [35].
1.3.2 SPEEK
Even if it seems possible to create cost competitive fuel cells with Nafion
[27, 15], the use of cheaper alternative membranes still presents great ad-
vantages. For example, a low price with low scale of production (under the
Figure 1.7: SPEEK chemical structure
production volume of 1 million car per year fixed as a good point for decisive
manufacture price reduction for Nafion) will be a great incentive for fuel cell
technology, giving to it the opportunity to conquer new market position in
the near future.
Sulfonated Poly(Ether Ether Kethone) is one of the possible substitutes. Like
Nafion, is a sulfonic acid based ionomer, but its backchain is composed by
aromatic rings (Figure 1.7).
Compared with Nafion, SPEEK has a lower hydrophobic/hydrophilic dis-
tinction, and a less flexible backbone. These characteristics cause to the poly-
mer a less pronounced separation into hydrophobic and hydrophilic domains,
confirmed by SAXS experiments. SPEEK microstructure is sketched in Fig-
ure 1.8: the water filled channel are narrower and there are more dead-end
”pockets” than in perfluorosulfonic membranes [28].
Even if SPEEK is an effective solution in terms of cost, and as a high structure
stability, there are still some downsides that limit its utilization. For example,
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Figure 1.8: Schematic representation of the microstructures of a sulfonated
polyetherketone (derived from SAXS experiments). From [28]
although the hydration behaviour is quite similar to Nafion, a great difference
is observed in swelling: while exaggerated swelling in liquid water begins at
temperatures above 130°C for Nafion, this occurs at significantly lower tem-
perature for SPEEK [36]. Moreover, SPEEK has a lower acidity compared to
Nafion (PKa approximately -1, while for Nafion is -6) and a weak dieletric
screening of the negative charge of the sulfonate ions, which caused a strong
decrease in proton diffusion compared to water diffusion with decreasing hy-
dration. This proton localization effect, and the tortuous polymer microstruc-
ture, cause a strong decrease in proton conduction with low water content,
higher that the one observed with Nafion [37]. It is thus clear that to represent
a valid alternative to Nafion, this polymer is still to be optimized.
1.3.3 Composite membranes
Both Nafion and SPEEK relay on water molecules as mobile phase for proton
conduction. The necessity of a high hydration level (10-30 water molecules
per conducting moieties) implies a sharp decrease in proton conduction at
low relative humidity and working temperatures above 100 °C. Improving
the membranes behaviour at critical condition (high temperature, low RH)
will cut the fuel cells cost and increase the durability, due to:
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• lower catalyst susceptibility to poisoning: catalyst poisoning has been
shown to be very dependent on the temperature, and at 80°C (the typ-
ical PEMFC working temperature), also a CO content of only 20 ppm
can significantly decrease the fuel cell performance, meaning that only
very pure hydrogen can be used as fuel[38].
• simplified water managements: the necessity of high hydration level
implies a careful management of the water and thermal balance, to
avoid dehydration or electrodes flooding. Moreover, for a high temper-
ature operation, a high water vapour pressure is needed, which means
also a high total pressure in order to have enough partial pressure of
reactant gas. As an example, to keep a reactant partial pressure of 0,5
atm at 150°C with a 90 % relative humidity a system pressurization of
at least 8 atm is required [38].
• simplified thermal balance: a PEMFC operating at 80 °C produces a
large amount of heat that need to be removed in order to keep the de-
sired working temperature.
Due to all the listed benefits, a great effort was made in order to synthesize
membranes that can maintain a high proton conductivity even at critical con-
ditions.
One of the preferred approach to improve the characteristic of known iono-
meric membranes is the dispersion of low solubility acids (e. g. heteropoly-
acids) or particles of insoluble solids inside the polymer matrix. Among the
solids particles, ceramic fillers (usually metal oxides) such as SiO2, TiO2, ZrO2
and zeolite have been widely used to facilitate proton conduction in critical
conditions due to the hygroscopicity of these composites, useful to increase
the membrane water retention, and to their high stability [39, 40, 41, 42, 43].
To properly tailor the properties of a composite membranes with solid fillers,
is important to keep in mind that the compound behaviour will not only de-
pends on the nature of the ionomer and of the powder added, but also on the
size and the amount of the dispersed particles. For example, a high interface
interaction between the filler and the polymer cause a higher influence of the
dispersed particles on the original polymer characteristics [44]. Due to this,
usually nano-particles, with a high specific surface, have a greater effect on
membrane properties compared to micro-particles.
Different methods were used to add nanocomposites to the polymer matrix: a
commonly used technique is based on the impregnation of the ionomers solu-
tion with the inorganic oxide particles as fine powders, another way consists
instead on the inclusion into the ionomeric solution of a precursor, generally
an acidic metal alkoxides solution and the subsequent conversion of the pre-
cursor material into the desired oxide.
The inclusion of pure metal oxide has a beneficial effect on the water reten-
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tion, but can have some downsides: due to the lower intrinsic proton con-
ductivity of the oxide, compared to the membrane one, sometime the overall
membrane conduction decreases with the filler inclusion. This mainly hap-
pen at high filler quantity, when the oxide beneficial water retention effect
is exceeded by the negative effect caused by the lower filler conductivity. To
avoid this, in the last years a new class of fillers have been developed: sulfate-
supported metal oxides. These fillers in fact combine the hygroscopicity of
the metal oxide with the proton conduction properties of superacid systems.
According to Gillespie’s definition [45], any acid can be called a superacid
when its acidity is higher then that of pure H2SO4. Usually these acidity
values are reached by mixing a fluorine- containing Bro¨nsted acid and a fluo-
rinated Lewis acid, but also other system were discovered. In sulfated metal
oxide the superacidity is due to the change of acidity on the oxide surface af-
ter the addition of SO2−4 ions. It’s important to point out that not all metal ox-
ides become superacid after the sulfate addition: MgO, CaO, CuO, NiO ZnO
and others didn’t show any acidity improvement, while an acidity strength
increase was observed for TiO2 ,ZrO2, SnO2 and SiO2 [46]. The sulfate ef-
fect on the oxide surface that allows the superacidity condition is illustrated
in Figure 1.9: the inductive effect of S=O in the complex increase the Lewis
acidity of the metal ion, and when water molecules are present the Lewis acid
sites are converted into Bro¨nsted acid sites [47].
Figure 1.9: Bro¨nsted and Lewis acid sites in metal oxide superacids
The increased proton conductivity of these systems with respect to simple
metal oxides is due to the presence of these sites: Bro¨nsted acids sites increase
the ion exchange capacity of the filler (due to the higher number of H+ cre-
ated) and provide additional proton hopping sites, fundamental for proton
conduction.
In the next section two solid oxides, used as membrane fillers in the present




Two forms of tin oxides are generally known: stannic oxide, also called tin
dioxide (SnO2) and stannous oxide, or tin monoxide (SnO). The presence of
two different oxides reflects the dual valency of tin, that can exists in two ox-
idation states: +2 and +4. The two tin oxides crystal structures are different:
SnO, if crystallize at ambient condition, possesses a litharge structure (other
structures are typical of different conditions, like the so-called γ-SnO [48]),
while SnO2 has a rutile structure. Among the two, the stannic oxide is the
thermodynamically most stable form, and at elevated temperature SnO react
to give Sn + SnO2 [49]. Stannic oxide has been deeply studied because it is the
more abundant form of tin oxide and is the one of technological significance:
it is widely used, and up to now it has been employed in optoelectronic as
conductive transparent oxide, in chemistry as oxidation catalyst and as solid
state sensor for gases[50].
Among the various technological application, SnO2 has been used as filler in
PEM fuel cell: due to its hygroscopic behaviour, the relatively high proton
conductivity when in hydrate form (SnO2 ·H2O), and its thermal stability, it
represent a good choice to improve the membrane behaviour at higher tem-
perature and low ambient humidity.
SnO2 was included in Nafion by Chen et al. [51] with good results in term of
proton conductivity at high temperature (if the inclusion remained under the
10 %) and methanol permeability.
Also other kind of proton conducting membrane have shown better perfor-
mances with SnO2 addition. For example, SnO2 ·H2O was successfully in-
corporated in sulfonated polysulfone membranes, increasing the proton con-
ductivity at low hydration level due to an enhancement in hydrophilic do-
main interconnections [52]. Mecheri et al. have studied the effect of SnO2
inclusion into SPEEK for DMFC, finding a higher proton conductivity, a de-
crease in methanol permeability and an increase in membrane stability [53].
In a following paper, the authors investigated the SPEEK conduction mecha-
nism with and without the filler, finding a decrease in the tortuosity of proton
transport due to the filler presence but not a corresponding decrease in the
tortuosity of the water diffusion, and concluding that a non-vehicular proton
bridge mechanism was caused by the tin oxide [54].
As already mentioned, a successful way to further increase membranes per-
formances is to add not simple metal oxides but sulfated metal oxides. In
the same paper where Nafion +SnO2 was investigated for DMFC applica-
tions, Chen et al. [51] also studied a Nafion + sulfate SnO2 membrane: the
membranes showed better performances than simple Nafion and Nafion +
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pure SnO2 in both ex situ proton conductivity, methanol crossover and fuel
cell power density. The same system for standard H2-O2 fuel cell has not
been studied yet, and this was the aim of the work at which the spectroscopic
study reported in chapter 3 belongs to.
1.3.4.2 Titanium dioxide
Tin dioxide, also called titania, is a material with a large number of applica-
tions in various fields. For example, it is used as a pigment, as a catalyst, in
electronics, electrochemical and ceramic industries and also in pharmaceuti-
cal and food products. Among its numerous strengths are the non-toxicity,
the high thermal stability and the biological and chemical inertia [55]. Tita-
nia exists in a multiplicity of polymorphs, each one with different properties.
In nature, TiO2 can occur in four different structures: in fact, at the three
well known natural forms of titanium dioxide, namely rutile (the stable form
under ambient condition), anatase and brookite, was more recently added a
fourth one by Banfield et al., named TiO2-B [56]. In addition to these forms, ti-
tania has been synthesised in laboratories in other seven structure until now.
Due to its hygroscopicity, TiO2 is a promising candidate for the inclusion in
polymer electrolyte membranes in order to increase the membranes water
retention. Due to this, during the last decade, a lot of studies have been pub-
lished in which TiO2 has been used as filler for fuel cell membranes. Watan-
abe et al. were among the first to add titania to Nafion, first together with Pt
nanopowders [57] and then alone [39]. In both cases an increased water up-
take and better performances of the fuel cells were observed, especially when
they were fed with dry gases.
Different methods for the oxide inclusion have been reported, even if the
most used is the so-called cast process, in which as first the nanopowder is
added to the polymeric solution, then the mixture is cast on a Petri dish and
finally dried and hot-pressed to obtain the composite membrane. Different
TiO2 synthesis route have been tested as well. Notwithstanding the differ-
ences in filler synthesis and inclusion, all the works published up to now re-
ported a general improvement in the fuel cells performances after the titania
inclusion in Nafion, especially at low relative humidity and high tempera-
ture [58]. An interesting study by Baglio et al. analysed the effect of the tita-
nia phase on the performances of a Nafion composite membrane for DMFC,
finding no particular differences in the fuel cells electrical properties when
the nanoparticles surface area is similar. This suggests that the particles sur-
face, and not the bulk, is the real key parameter in the composite membranes
synthesis[59].
As stated above for tin dioxide, a good way to further increase the compos-
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ite membranes performances is to functionalize the filler in order to have
more acid sites in the composite system, which means an increased num-
ber of charge carriers and additional proton hopping sites. Among the vari-
ous functionalizations, the addition of sulfate groups to titania is an already
known method to obtain a powder with high acidity values, even reaching
superacidity. This procedure was in fact already adopted for the creation
of superacid titania catalyst, used for example for the photocatalytic degra-
dation of organic pollutants [60]. Sakai et al. performed a study on sulfate
titanium oxide in view of a future inclusion into electrolyte membranes, find-
ing a powder proton conductivity similar or even higher than the Nafion’s
[61]. Until now only one work, published by Wu et al., reported the effect
of the addition of sulfate titania into Nafion, and the composite membrane
subsequent employment in direct methanol fuel cells. In this case the final
effects of the filler inclusion were not all good: together with a positive re-
duced methanol crossover in fact a negative reduced proton conduction and
water uptake were reported for the composite membranes [62].
In the fourth chapter of this thesis the spectroscopic investigation of sulfated
titania- Nafion system is reported. This analysis was part of a more complex
work with the aim to better understand the Nafion-sulfate titania system, still
not deeply analysed, and to verify the real effect of the filler on the membrane
properties, with particular attention to the application for direct hydrogen
fuel cells, a case never studied before.
The inclusion of Titania nanopowders was tried also in other protons con-
ducting polymers, like SPEEK. Composite SPEEK-TiO2 membranes with a
significantly reduced swelling behavior and an increased proton conductivity
were synthesized by different groups, like Di Vona et al. and Filho et al. [63,
64, 65] Also for the SPEEK case, a good idea to further increase the membrane
performances is the functionalization of the titania in order to increase the to-
tal number of acid centers. One of the possible functionalized titania, studied
with Raman and IR spectroscopies and described in chapter 5, is TiO2RSO3H
nanopowder. The inclusion of this material in SPEEK membranes in fact in-
crease the number of sulfonic group in the system avoiding the drawback of
the increased membrane swelling experienced in SPEEK with high degree of
sulfonation. Moreover, the presence of bifunctional branches, consisting of
hydrophobic aliphatic chains with terminal hydrophilic groups, can ease the
uniform filler dispersion in both the hydrophobic and hydrophilic domains
of the polymer [66].
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Raman and infrared spectroscopies allows the study of the vibrational and
rotational energy levels of a material, giving responses that are characteristic
of the target species. Due to the different mechanisms underlying the two
effects (inelastic scattering for Raman, selective adsorption for infrared) they
can be used as complementary techniques for materials analysis, because a
vibrational mode active with Raman can be IR inactive or vice versa. More-
over, some problems encountered with one technique can be avoided with
the other (i. e. fluorescence problem does not exist with IR and water vapour
signal is almost null in Raman). For these reasons, both Raman and IR spec-
troscopy were used in this thesis work, and their experimental and theoretical
features are described in this chapter.
2.2 Infrared spectroscopy
The discovery of the infrared region of the electromagnetic spectrum was
made in 1800 by Sir William Herschel, that observed the generation of heat
during his astronomical observations of the sun [1]. Forty years later the first
near-IR absorption spectrum was collected by Sir John Herschel, Sir William’s
son, using solar radiation, a glass prism and the evaporation of alcohol on a
blackened sheet of paper as the detector. In 1850, Melloni used a prism made
from a large natural crystal of rocksalt to measure spectra in the middle IR.
After these first experiments, a fundamental step towards the IR spectroscopy
was the calibration of the spectrum in terms of wavelength, made by Lang-
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ley, obtained with the measurement of the dispersion curve of the rocksalt
prism. In the first years of the 20th century, thermocouples used as the coil
of a galvanometer became the most used IR detectors, replacing the so-called
bolometers (consisting of a narrow blackened platinum wire, with resistance
depending on the temperature, as one arm of a Wheatstone bridge). How-
ever, the new detectors were still affected by problems. In fact, because of its
high sensitivity, the galvanometer had to be completely screened from me-
chanical and electromagnetic disturbances to work properly, limiting the use
of IR spectroscopy for routine work. This problem was overcome after the
second world war, when developments in electronic amplification methods
allowed the substitution of the galvanometer. Moreover, the invention of
the double beam spectrometers, where the absorption spectrum is measured
together with the incident energy, eliminated the problem of the variable out-
put of thermal IR sources. With these improvements IR spectroscopy started
to be a valuable technique for molecular structural analysis and for the qual-
itative/quantitative analysis of mixtures. More recently, around 1970’s, an-
other great revolution took part in the spreading of IR spectrometers: the
introduction of Fourier Transform instruments (FT-IR), where the signal is
collected at the same time for all the energies and the separation is then made
by a PC using Fourier-transform mathematical analysis. These instruments
had a great advantage: due to the simultaneous acquisition of the entire en-
ergy range, an interferogram measured over the same period of time than
is required to record a dispersion spectrum with N- resolution elements has
an advantage in signal to noise ratio of
√
N. The introduction and subse-
quent improvement of FTIR instruments resulted in a total transformation of
the power and sensitivity of even routine IR spectrometers, allowing sample-
handling methods impossible to be used before, like Attenuated Total Reflec-
tion technique and Diffuse Reflection spectroscopy.
2.2.1 Phenomenological aspects of Infrared absorption
The measurement of a sample absorption is always a two step procedure:
first the radiation source intensity I0, also called the background, has to be
recorded, then the sample is put into the beam path and the radiation inten-
sity I that hits the detector in this condition is collected. The ratio I / I0 is
the sample transmittance (T) and it is dependent on the radiation wavelength.
Usually the spectrum intensity is measured in absorbance, that is defined as
A = −log10(T) (2.1)
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The abscissa unit in vibrational spectroscopy (Ir and Raman as well) is the









where λ1 is the corresponding radiation wavelength in vacuum.
2.2.2 Theory of light absorption
Light absorption is an example of radiation-matter interaction. To properly
describe this process, time-dependent perturbation theory is extremely useful
[2]. The incident electromagnetic wave is represented as an additional term
H1 to the unperturbed Hamiltonian H0 of the system, that is:
H = H0 + H1(t)
Dealing with a perturbation that is time-dependent, is necessary to consider





where the time-dependent wave function is
Ψ = ψe−Ent/h¯ (2.4)
The state of the perturbed system Ψ can be expressed as a linear combination






It’s important to note here that if the perturbation is time-dependent, also
the coefficients an will depend on the time. To find how they evolve, we






















The first terms of both equation are equivalent by eq. 2.3, and the same for








To extract the expression for δanδt , we can exploit the orthonormality of the
basis, multiplying both sides by ψk and integrating all over the space. In this




















The integration of the last equation from an initial time t = 0 when the state
of the system was described by the coefficients an(0), to the time of interest,
in which the coefficients are an(t), leads to:






The trouble with eq. 2.10 is that the expression for a general coefficient an
contains all the others. A way to resolve this problem is to make some ap-
proximations. Firstly, we will consider the perturbation weak. In this way
the state mixing due to the perturbation remains close to the initial compo-
sition, supposed to be equal to a state i. This means that all the components
an(0) are null except ai(0). Moreover, we assume that the probability that the
system is in any state other than i is always so low at any time that all the








With this approximation we are supposing that the system goes from its ini-
tial state to the final one by a direct route. In doing so, we are neglecting the
possibility to have several transitions in sequence, and thus the perturbation
to act more than once: we are dealing with a first order time dependent pertur-
bation theory.
We can now consider the H(1) term: in the case of an electromagnetic radia-
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tion, its dependence on time will be
H(1)(t) = 2H(1)cosωt = H(1)(eiωt + e−iωt) (2.12)
















The denominator in the first term is in the order of the radiation frequencies,
and so the first term in eq 2.13 is no more than 10−15 in an optical spectrum.
On the other hand the denominator in the second term can became close to
zero as the external perturbation approaches a transition frequency ωki, and
thus the first term is usually overwhelmed by the second one and can be
dropped.











From this it follows that the transition probability may became close to 1 as
the incident field frequency approaches a transition frequency. Moreover,
if we consider that with a dipolar interaction (the simplest one between an
electromagnetic field E(t) and an atom) the terms H(1) is equal to −~µ · ~E(t), is
possible to obtain an important selection rule. In fact, as we saw in eq 2.14,
the probability of a transition to a state k is proportional to the transition
matrix element
H(1)ki = 〈Ψk|H(1)|Ψi〉 (2.15)
and therefore is proportional to the transition dipole moment 〈Ψk|~µ|Ψi〉. If
we expand ~µ in a Taylor’s series, we get
〈Ψk|~µ|Ψi〉 = µ0〈Ψk||Ψi〉+∑
i
〈Ψk| d~µdQi |Ψi〉Qi + ... (2.16)
where Qi are the normal coordinates of vibration. The first term on the right is
null for the wave functions orthogonality, and at a first order approximation,
to obtain a transition probability not zero, at least one of the d~µdQi must be
different from zero.
31
2.3 Light scattering and Raman effect
The history of Raman spectroscopy began in 1928, when Sir Chandrasekhra
Venkata Raman discovered the phenomenon that bears his name. In his stud-
ies he used a very simple instrumentation, being the light source the sunlight,
a telescope the collector, and his eyes the detector. Despite of this, he was
able to detect the extremely weak anelastically scattered component of light,
which since then has been known as the Raman effect [3]. The practical use
of the Raman scattering was strongly limited for lack of a proper light source
until, in 1962, laser sources were developed [4]. In the next years, the Ar+
(351.l - 514.5 nm) and the Kr+ (337.4 - 676.4 nm) lasers became available,
and powerful monochromatic light sources were finally exploitable. In the
meantime also the detection system was revolutionized, passing from pho-
tographic plates to photoelectric systems after World War II, while the use of
double or triple monochromators helped in reducing the stray light. Due to
all these improvements, Raman spectroscopy has now become a widely used
technique in science and engineering.
2.3.1 Phenomenological aspects of the Raman effect
If a detailed analysis is carried out on the radiation scattered by a molecule,
two major components can be distinguished: a relatively very intense line at
the same frequency ν0 of the incident radiation, and a series of much less in-
tense lines at frequency ν0 ± νi. The presence of scattered peaks shifted from
the incident light energy is cause by the Raman effect. In particular, the shifts
are always equal to the vibrational transitions, and can be positive or nega-
tive, depending if the system absorbs from or give energy to the radiation. In
Figure 2.1 an example of scattered light spectrum is given: as can be seen, the
Raman lines are much less intense than the elastically scattered line (called
Rayleigh line). The reason of this disparity is the much higher probability
associated to a Rayleigh event with respect to a Raman one: even if both are
scattering process, and thus occur at second order in the perturbation theory,
for the Raman effect the creation of a photon has to occur together with the
creation or the annihilation of a quantum of vibrational or rotational energy.
The disparity between the elastic and the inelastic lines depends on the nature
of the system, but, as a rough estimation, we can say that the Rayleigh scat-
tering is about 3 order of magnitude less intense than the exciting radiation,
and the intensity of a strong Raman band is about 105 times less intense than
that of the Rayleigh scattering. A further difference can be found between the
more intense Raman lines scattered with a frequency lower than the incident
one (ν0-ν1), called Stokes lines, and the less intense lines at higher frequency
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Figure 2.1: Representation of Rayleigh, Stokes and anti-Stokes components. The
correspondence between wavelength and wavenumbers is also shown.
(ν0 + ν1), known as anti-Stokes lines. The ratio between the Stokes and the





where KB is the Boltzmann constant, T is the sample temperature and ων is
the frequency associated to the vibrational state ν.
Usually the Raman lines positions are showed in relation to that of the
exciting light. In this way, the zero of the abscissa correspond to the Rayleigh
line.
As we have seen, the Stokes lines are the more intense ones. Unfortunately,
if the incident energy is close to an electronic transition of the system, also
other lines can appear in the Stokes region, due to the concomitant emission
of light from the system (luminescence). This is a first order process in the
perturbation theory of the radiation-matter interaction, and usually the light
emitted is much more intense than the scattered one. Therefore, the lumines-
cence signal can mask the Raman effect. On the other hand, when the inci-
dent light is close to an electronic transition of the molecule (absorption), the
Raman intensity can be increased by several orders of magnitude by the res-
onant excitation, a phenomena called Resonant Raman. The use of resonant
excitation to selectively enhance the Raman signal is a widely used technique
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Figure 2.2: Normal Raman, resonant Raman and fluorescence phenomena in terms
of energy bands involved.
when the luminescence does not cover the region of the Raman line, or it is
not sufficient to mask the Raman signal.
2.3.2 Light scattering processes
To introduce the theory underlying the Raman process we will start from
an analysis of a general scattering phenomenon. Let’s consider a radiating
system whose dimensions are small compared with the wavelength of the
incident light: the source of the scattered radiation is the oscillating electric
dipole induced by the perturbing electromagnetic fields of the incident light
waves (in some particular cases, like in chiral systems, also the induced mag-
netic dipoles and electric quadrupoles play an important role in the scatter-
ing process). It is important to underline that a light scattering process does
not involve the absorption of a photon, contrary to what happen in fluores-
cence or infrared spectroscopy. During a scattering event in fact an incident
photon is not really absorbed but instead it perturbs the material’s atoms or
molecules, inducing an electric dipole. If the scattering phenomenon is a Ra-
man one, this perturbation also excite or de-excite vibrational or rotational
energy states. To calculate the intensity of the scattering radiation we have
to consider the electric dipole moment set up in the material by the electri-
cal field of the incident radiation. Indicating the incident electric field with
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~Ei = Ei eˆi, the induced dipole moment is:
~M =~αEi eˆi (2.18)
where ~α is the polarizability tensor. The radiation energy emitted per unit






|eˆs · ~M|2 (2.19)
where ε0 is the dielectric constant of the medium (considered isotropic and
nonmagnetic), dΩ is the element of solid angle, c is the speed of light in the
medium and eˆs is the versor indicating the polarization direction of the scat-
tered light.
Replacing equation 2.18 in 2.19 and dividing the latter by the incident energy
per unit area and unit time Wi = ε0cE2i , is possible to obtain the expression






|eˆs ·~α · eˆi|2 (2.20)
Now we can have to different cases, depending on the characteristics of the
tensor ~α. With an isotropic polarizability tensor (as in the case of atoms or
isotropic small spherical particles), the polarization plane of the incident and






|eˆs · eˆi|2 (2.21)






In real systems however the polarizability tensor is usually not isotropic.
However, we can always decompose it into the sum of a symmetric part 〈~α〉
and an asymmetric one ~β. Due to this, the cross section will consist of two
components: a polarized one, called σp, resulting from the symmetrical part
〈~α〉 of the polarizability tensor, and a partly depolarized one, called σd, given
by the asymmetrical part ~β. It is possible to demonstrate that the two compo-



























It is interesting to note that in both cases the intensity of the scattered light
depend on the wavelength of the incident photon, and in particular is pro-
portional to the fourth power of its frequency. This explains for example why
the clear sky appears to be blue: the scatter of the sunlight has greater inten-
sity in the higher frequencies region correspondent to the blue colour than in
the red region.
2.3.3 The Raman effect: classical theory
To understand the origin of the Raman effect we will start using a simple
classical treatment on a system composed by one molecule. A good starting
point is to consider again the relation between the incident field ~E and the
induced electric dipole ~P:
~P =~α · ~E (2.26)
The polarizability tensor~α, in general, is a function of the nuclear coordinates
and thus of the molecular vibrational frequencies. Due to this, it is possible to
describe the variation of the polarizability caused by the molecular vibrations
by expanding each component αij in a Taylor series with respect to the normal
coordinates of vibration Q (for simplicity, the expansion will be truncated at
the first order, according to the so-called electrical harmonic approximation):






where (αij)0 is the value of αij at the equilibrium configuration, Qk,Ql ... are
normal coordinates of vibration associated with the molecular vibrational fre-
quencies ωk, ωl ... , and the summations are over all the normal coordinates.
Lets now focus on the mode of vibration Qk. Equation 2.27 can be rewritten
as:









Equation 2.28 is valid for all the tensor components, so we may write
(~αk) =~α0 + (~α
′)kQk (2.30)
Assuming simple harmonic motion, the time dependence of Qk is given by
Qk = Qk0cos(ωkt + δk) (2.31)
in which δk is a phase factor. Combining eq. 2.30 and 2.31 we obtain the time
dependence of the polarizability tensor:
~αk =~α0 +~α
′
kQk0cos(ωkt + δk) (2.32)
We can now return back to equation 2.26 and introduce the time dependence
of~α0 and of the electrical field ~E = ~E0cos(w1t), obtaining:
~p(1) =~α0~E0cos(w1t) +~α′kQk0~E0cos(ωkt + δk)cos(w1t) (2.33)




{cos(A + B) + cos(A− B)} (2.34)
is possible to rewrite the second term in eq.2.33, and the new expression for
~p(1) is now
~p(1) = ~p(1)(ω1) + ~p(1)(ω1 +ωk) + ~p(1)(ω1ωk) (2.35)
where




~p(1)(ω1 ±ωk) = ~pRamcos(ω1 ±ωk ± δk)t







From this treatment is clear that the radiation emitted by the oscillating dipole
can be divided into three different parts:
• ~p(1)(ω1) ∝ cos(ω0t) is the Rayleigh component
• ~p(1)(ω1 −ωk) ∝ cos(ω0 −ωk)t− δk, is the Stokes Raman component
• ~p(1)(ω1 + ωk) ∝ cos(ω0 + ωk)t + δk, is the anti-Stokes Raman compo-
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nent
An important difference between Raman and Rayleigh scattering can be not-
ed from eq. 2.37 and 2.36: while the induced dipole~p(1) has the same phase as
that of the incident field, the Raman induced dipoles~p(1)(ω1±ωk) are shifted
in phase by a quantity δk, which depends on the normal vibration Qk and
changes for the different molecules. This means that interference phenomena
are possible only for Rayleigh scattering, where the light irradiated by the
different molecules maintains the same phase of the incident radiation, and
not for Raman, where each molecule scatters with a different phase. Another
important information that is possible to extract from this treatment is in eq.
2.27: not all the possible vibrational frequencies will be observed in a Raman
spectrum, but only the ones that produced a change in the polarizability. In
fact, for a molecular vibration to be Raman active a fundamental rule has
to be respected: at least one of the components of the derived polarizability
tensor (αij)k has to be non-zero. This leads to a fundamental selection rule of




)0 6= 0 (2.39)
2.3.4 The Raman effect: quantum theory
A more exhaustive description of the Raman effect can be obtained with a
quantum treatment based on time dependent perturbation theory. We can
replace the induced electric dipole of the classical theory with the transition
electric dipole caused by a molecular transition from an initial state, i, to a
final state, f, induced by the incident electric field of frequency ωl . The tran-
sition electric dipole ~p f i can be represented as
~p f i = 〈Ψ′f | pˆ|Ψ′i〉 (2.40)
where Ψ′i and Ψ
′
f are respectively the time dependent perturbed wavefunc-
tions of the initial and final states of the molecule and pˆ is the electric dipole
moment operator. Is important to note that the expression
Ψr = ψre−Ert/h¯ (2.41)
used in the quantum theory of light absorption can be used only if we deal
with states that have an infinite lifetime. If we have to consider also states
with finite lifetime, as is the case for the Raman effect, the general wave func-
tion dependence on time can be written as








In eq 2.41, Ψ′i and Ψ
′















f + ... (2.44)
where the element Ψ(n) is the n-order modification of the unperturbed state
Ψ(0) induced by the perturbation. Moreover, the perturbed wave functions







for the general n-order element of the perturbed wave function of the initial
state.The same procedure can be applied to the perturbed wave function of






where the a(n)pir and a
(n)
p f r coefficients are given by the perturbation Hamilto-
nian. We assume now that the interaction Hamiltonian Hˆp involves only an
electric dipole term, and is thus equal to − pˆ · ~E. It is easy to see that a(1)pir and
a(1)p f r are linear in ~E, since to obtain them the perturbation operator acted only
once on the unperturbed state. Likewise, a(2)pir and a
(2)
p f r are quadratic in ~E and
so on for the higher order coefficients. If we substitute the perturbed wave
functions in eq 2.41 with the series expansions, we obtain:
~p f i =〈Ψ(0)f | pˆ|Ψ(1)i 〉+ 〈Ψ(1)f | pˆ|Ψ(0)i 〉+ 〈Ψ(0)f | pˆ|Ψ(2)i 〉+
〈Ψ(2)f | pˆ|Ψ(0)i 〉+ 〈Ψ(1)f | pˆ|Ψ(1)i 〉+ 〈Ψ(0)f | pˆ|Ψ(3)i 〉+
〈Ψ(3)f | pˆ|Ψ(0)i 〉+ 〈Ψ(1)f | pˆ|Ψ(2)i 〉+ 〈Ψ(2)f | pˆ|Ψ(1)i 〉+ ...
(2.47)
These terms can be collected with regards to the order of perturbation (and
thus their dependence on the perturbing electric field ~E), obtaining the fol-
lowing expression for the linear ~p(1)f i , the quadratic ~p
(2)




~p(1)f i = 〈Ψ(0)f | pˆ|Ψ(1)i 〉+ 〈Ψ(1)f | pˆ|Ψ(0)i 〉 (2.48)
~p(2)f i = 〈Ψ(0)f | pˆ|Ψ(2)i 〉+ 〈Ψ(2)f | pˆ|Ψ(0)i 〉+ 〈Ψ(1)f | pˆ|Ψ(1)i 〉 (2.49)
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~p(3)f i = 〈Ψ(0)f | pˆ|Ψ(3)i 〉+ 〈Ψ(3)f | pˆ|Ψ(0)i 〉+ 〈Ψ(1)f | pˆ|Ψ(2)i 〉+ 〈Ψ(2)f | pˆ|Ψ(1)i 〉 (2.50)




a f r〈Ψ(0)f | pˆ|Ψ(0)i 〉+∑
r
air〈Ψ(0)f | pˆ|Ψ(0)i 〉 (2.51)
The tilde on the ~p f i vector is a reminder that this term is usually complex.
Due to this, we introduce the real induced transition electric dipole moment
~p f i defined as
~p(1)f i = ~˜p
(1)




The final expression for the ρ component of the induced electric dipole turns
out to be (having consider the time dependence of the wave functions ex-





h¯ ∑r 6= f ,i
 〈Ψ(0)f | pˆσ|Ψ(0)r 〉〈Ψ(0)r | pˆρ|Ψ(0)i 〉
ωr f −ωl − iΓr +
〈Ψ(0)f | pˆρ|Ψ(0)r 〉〈Ψ(0)r | pˆσ|Ψ(0)i 〉
ωri +ωl + iΓr

Eσ0exp[it(ωl +ω f i)]
+
1
h¯ ∑r 6= f ,i
 〈Ψ(0)f | pˆσ|Ψ(0)r 〉〈Ψ(0)r | pˆρ|Ψ(0)i 〉
ωr f +ωl + iΓr
+
〈Ψ(0)f | pˆρ|Ψ(0)r 〉〈Ψ(0)r | pˆσ|Ψ(0)i 〉
ωri −ωl − iΓr

Eσ0exp[−it(ωl −ω f i)] + complex conjugate
(2.53)
where
ωr f = ωr −ω f (2.54)
We immediately note that the expression of the induced electric dipole has
terms involving two transitions: from the initial state i to an intermediate
state r, and from r to the final state f. This is exactly the case excluded in the
treatment of light absorption: in fact we are now dealing with a second order
time dependent perturbation theory.
The terms in eq. 2.53 have two different frequency dependences: those with
the frequency ωl − ω f i in the exponential term and those with ωl + ω f i. In
both cases, the (ωl ± ω f i) term is associated with real radiation only if it is
> 0. According to Placzek, the terms involving (ωl − ω f i) are the ones that
account for both Rayleigh and Raman scattering. In particular, if ω f i is nega-
tive the final state is lower in energy than the initial state, like in anti-Stokes
Raman, if ω f i = 0 we have a Rayleigh scattering and if ω f i is positive a Stokes
Raman event take place. The (ωl + ω f i) term, for photons in the visible part
of the spectrum, implies that the initial state is an excited electronic state, an
eventuality that we will not consider here. The transition dipole p f i is also
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defined as α · ~E, thus the ρσ component of the polarizability tensor is equal
to:
(αρσ) f i =
1
h¯ ∑r 6= f ,i
 〈Ψ(0)f | pˆσ|Ψ(0)r 〉〈Ψ(0)r | pˆρ|Ψ(0)i 〉
ωri −ωl − iΓr +
〈Ψ(0)f | pˆρ|Ψ(0)r 〉〈Ψ(0)r | pˆσ|Ψ(0)i 〉
ωr f +ωl + iΓr

(2.55)
According to this definition, a complete knowledge of the wave functions,
energies and lifetimes of all the states of a system would be needed to deter-
mine (αρσ) f i.
Figure 2.3: Differences between normal Raman and resonant Raman.
From [5].
Fortunately, some simplifications can be done that allow a easier calcu-
lation, the most important of them being the adiabatic approximation, that
allow us to separate the total wave function into an electronic, a vibrational
and a rotational part, and to consider the total energy as the sum of the three
energies contributions. Other approximations will not be consider here be-
cause the calculation of the (αρσ) f i is not the aim of this work, but a detailed
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analysis on this argument can be found in D. A. Long The Raman Effect [5].
Looking at the denominator term ωri−ωl− iΓr, we can consider two extreme
cases. The first one is when the frequency of the exciting radiation ωl is much
smaller than any absorption frequency ωri of the molecule. In this case we
can omit the ωl term and also the Γr because they are small relative to the
ωri. The illustration of what happen in this case is displayed in Figure 2.1a:
the molecule interact with an incident radiation of frequency ωl and make a
transition from an initial stationary state to a so-called virtual state and sub-
sequently pass from the virtual state to a final stationary state. The virtual
state is not a stationary state of the system, meaning that it is not a solution
of a time-independent Schro¨dinger equation. Due to this, it does not have a
well-defined value of the energy. If instead ωl ≈ ωri we are approaching the
condition of resonance (showed in Figure 2.3b): in this case the denominator
ωri − ωl − iΓr became very small and the polarizability is much greater than
in the normal Raman scattering condition, explaining the higher scattering
intensity in Resonant Raman.
2.4 Group theory and selection rules
Group theory has a fundamental importance for both Raman and infrared
spectroscopies because allows the calculation of the active vibrational modes.
In particular, the activity of a mode is directly connected to its symmetry,
and different rules exist to calculate Raman and IR active modes. In both
cases, the first step is to consider the system symmetry. First, we analyse
a system composed by a single molecule. If a movement of the molecule
replace every atom with another of the same kind or do not move it at all, is
called a symmetry operation. The set of all the possible symmetry operations
of a molecule is called point group, where the term point underlines that no
symmetry operation can move the point coincident with the center of mass
of the molecule. In a real crystallographic system, only 32 point group can
exist, listed in table 2.4.
If we deal with a crystal, instead of a molecule, it is always possible to de-
fine a unit cell from which the crystal lattice can be obtained through transla-
tions in the three space directions. Usually the unit cell of minimum volume,
called the primitive cell, is considered. The system symmetry can thus be
described through an appropriate space group, i.e. the set of symmetry op-
eration that, when applied, leave the primitive cell unchanged. The 320 pos-
sible space groups are linked to the already definite point groups, and can be
derived from the latter by the addition of new elements of symmetry (trans-
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Figure 2.4: The seven crystallographic system and the 32 point groups. From [6].
lations, screw axes, glide planes) that can exist only in extended systems.
Coming back to the simple one-molecule system, we focus on the atoms of
the molecule, and in particular on the three spacial coordinates x, y and z,
of each atom. If we apply one of the symmetry operations belonging to the
point group, the coordinate x of the atom i can remain unchanged, changed
into the negative of itself, or moved to a completely different coordinate (for
example, the y coordinates of atom j). If we repeat this procedure for the co-
ordinates of all the atoms, we can construct a matrix of dimension 3N were
a 1 in the position (n,m) means that the n-th coordinate was moved to the
m-th one (or to the negative of m if we have a -1). We can construct a similar
matrix for all the symmetry operations, and obtain the so-called total repre-
sentation of the symmetry operations. The sum of the diagonal elements of
the total representation is called the character of the operation. A question
now arises: can we reduce all of these matrix, in the same time, to a diago-
nal form, or at least in a block-diagonal form? The answer is yes, and group
theory help us in the construction of the new matrix. Each block in the new
matrix is called irreducible representation and can be labelled according to
its symmetry species, that is the list of its characters for each operation of the
point group. The informations about the irreducible representation and their
characters for a given point group are summed up in the so called character
table (see Table 2.1 for an example). We can see in Table 2.1 that, in addition to
the Schoenflies symbol of the point group, the first line contains all the sym-
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Table 2.1: Character table for the C2h point group, from [7]
C2h E Cz2 i oh
Ag 1 1 1 1 Rz αxx,αyy,αzz,αxy
Au 1 1 −1 −1 Tz
Bg 1 −1 1 −1 Rx,Ry αxz,αyz
Bu 1 −1 −1 1 Tx,Ty
metry operations that constitute it. The following lines of the table contains
the characters of one of the irreducible representations of the group, preceded
by its symbol. The symbol is a convention to describe some properties of the
representation, like the dimension (A or B for a one dimensional representa-
tion, E for a two-dimensional and F for a three-dimensional), the symmetry
with respect to the inversion through the center (u or g), and the symmetry
with respect to rotations about the principal axis (A or B for one-dimensional
representations). The right side of the character tables indicates the symme-
try of molecular translation (T), rotation (R), and polarizability (α). A simple
formula exists which gives the number of times each irreducible representa-
tion will appear when the reduction process is completed. If the group has
g symmetry operation, with characters Xi in some reducible representation,






where Xi is the character of the reducible representation of the symmetry
operation i, and XΓi is the character of the irreducible representation of sym-
metry Γ for the symmetry operation i. In this way is possible to know all
the irreducible representations of the reduced matrices. After the reduction
process of the original matrices, the reduced block-diagonal matrices have
of course different basis than the atomic coordinates. In particular, the new
basis are a combinations of the atomic coordinates, known as normal coordi-
nates, and each one is characterized by the same symmetry properties of one
of the irreducible representations.
The reduced matrices are still of dimension 3N, but if we consider all the inde-
pendent vibrations of a molecule composed by N atoms we obtain a number
equal to 3N - 6: in fact, to the possible 3N movements, we have to exclude
3 rigid translations and 3 rotations of the entire molecule. In term of irre-
ducible representations, we have to exclude three representations that have
the same symmetry of a translation, and three with the same symmetry of a
rotation. For the next step in the calculation of IR and Raman active modes,
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is important to remember that the transition probability is proportional to
〈Ψk|~µ|Ψi〉 in infrared spectroscopy and to 〈Ψk|α|Ψi〉 in Raman spectroscopy.
To be different from zero, these integrals have to be invariant under all the
symmetry operation of the group, because their values can not vary under
operation that leave the system untouched, or, in other words, the symme-
try of the integrals must be the same of the molecule, so it must be equal to
the total symmetric representation of the point group. For this to be, the di-
rect product of the irreducible representation of the integrands functions (for
example Ψk,~µ and Ψi for IR) must contain the totally symmetric irreducible
representation A1. The initial state Ψi is already a basis for A1, and only if µ
andΨk have the same irreducible representation their direct product contains
A1, and the integral can be different from zero. Moreover, the symmetries of
the components of the ~µ vector are the same of the coordinate x, y and z of
translation, and we can know them from the character table. The symmetry
of the first vibrationally excited state is the same as the normal coordinate of
the vibrational mode in consideration, meaning that if the system jump to a
final excited state Ψk, the symmetry of Ψk is the same of the normal vibration
coordinate k. The symmetries of the normal modes of vibration of the system
are equal to the irreducible representations. In the example in tab 2.1, the ~µ
components have the same symmetries than the irreducible representation
Au (µz) and Bu (µx and µy). In we take the normal vibrational modes which
are basis for the irreducible representations Au and Bu, these have the same
symmetries than the ~µ components, and thus are infrared active. The same
argument is valid also for Raman active modes, with the polarizability com-
ponents instead that the ~µ components.
If we are not considering a single molecule, but a crystal, the calculation of
the active modes is not so straight forward, even if the number of vibrational
modes and their symmetries can be determined with the same general rule as
for free molecules. A method for the analysis of the crystal unit cell and the
determination of the selection rules is the nuclear site group analysis. With this
method the first step is to analyse the position of each atom and under which
symmetry element of the point group its environment remain the same, or, in
other word, determine the site symmetry of the atom. After this, a mapping
procedure is necessary to link the irreducible representation of the site sym-
metry to the irreducible representation of the crystal point group. This pro-
cedure is facilitated by the existence of tables (see for example reference [7])
that already include these informations. Differently from the single molecule
case, pure rotational and translational movement do not exist in a lattice.
Instead, of all the possible crystal vibrations, three belong to the so-called
acustic branches and are characterized by a phonon energy-momentum re-
lationship in which the energy approach zero when the momentum tend to
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zero. Being infrared and Raman spectroscopies characterized by a total ex-
changed momentum really small (a photon in the visible or IR range has a
smaller momentum than a phonon of the same energy), the acustic modes
are not usually measurable with these two techniques. Due to this, three of
the total irreducible representation have to be removed, and are the ones with
the same symmetry of the acustic modes, that is the same of the translations.
Once that all these procedures are performed, the determination of the Ra-




Figure 2.5: General scheme of a Raman spectrometer
An apparatus for the acquisition of a micro-Raman spectrum is essentially
composed by the elements shown in Figure 2.5, that are:
• an excitation source, usually a laser beam passing through a system of
lenses and filters
• an optical system that focus the light on the sample and concurrently
collect the scattered radiation
• a filtering system, that eliminate the Rayleigh component
• a dispersive stage, usually a grating spectrograph
• a photon detector, usually a CCD detector.
In the present thesis, two different micro Raman instruments were used, an
Horiba LABRAM HR800 and an Horiba T64000.
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2.5.1.1 Horiba LABRAM HR800
The Jobin Yvon HR800 micro-Raman spectrometer is an integrated Raman
setup, where a microscope is coupled to a 800 mm focal length spectrograph
[8]. The exciting source is a He-Ne laser which provide a line at 632,8 nm,
with a power of about 6 mW on the sample surface. If a lower laser power is
needed, a neutral filter with optical density 0.3, 0.6, 1, 2, 3 or 4 can be placed
in the light path. The laser beam is focused on the sample through an Olym-
Figure 2.6: Picture of the Horiba LABRAM HR 800 instrument
pus microscope (model BX 40) equipped with different available objectives,
having magnification, working distance and numerical aperture enlisted in
table 2.2. The sample surface and the focusing point of the laser beam can be
observed through a color camera for the direct selection of the sample region
to probe. The scattered light is collected by the same objective used for the
excitation, in the so-called backscattering configuration. The Rayleigh com-
ponent is then eliminated by a notch filter, that reflects the light in a narrow
wavenumber range centered at the laser line, and allow for the transmission
of the inelastically scattered light. If the wavelength of the laser is changed,
another notch filter centered at the right wavelength is necessary. This kind
of filtering system (Holographic notch filters) is fabricated with laser hologra-
phy technique and is constituted by a three-dimensional lattice of polymeric
microspheres, sandwiched between two quartz plates. The distance between
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Table 2.2: Available objectives for the micro-Raman spectrometers




50X Long WD 0.5 10.6
80X Long WD 0.75 4.1
100X 0.9 0.21
the microspheres is in the order of the excitation wavelength, meaning that
the Rayleigh scattered light is reflected while the inelastic component passes
through it. Although this filtering system has a quite narrow range of re-
flected wavelengths, is impossible to measure spectra in the wavenumber re-
gion below 100 cm−1 from the exciting line. After the filtering procedure, the
scattered radiation is dispersed by the HR800 spectrograph, equipped with
two interchangeable gratings of 1800 g/mm and 600 g/mm, respectively, and
finally reaches the CCD. This type of detector is made by photosensitive el-
ements, that are charged by the striking photons. The charge reading proce-
dure, made by a single analogue-to-digital converter, is divided in different
step: first the top row of pixels is read element by element by moving the
elements from left to right, then all the rows are shifted up one step, and the
reading procedure of the next row begin.
2.5.1.2 Horiba T64000
The triple monochromator Horiba T64000 system was used to study the spec-
tral region below 200 cm−1, a task possible due to the excellent filtering setup
of the Rayleigh line present in this spectrometer [9]. The excitation source
consist of a mixed Ar-Kr ion gas-laser (Spectra-Physics; Model: 2018RM03)
which provides about fifteen different lines of monochromatic light with wave-
lengths between 454.5 nm and 676.4 nm (a list of the more intense laser lines
is showed in Table 2.3). The laser system is water-cooled to assure the sta-
bility of the light beam. Among the various laser system, the multi-line ones
present to a greater extent the problem of the plasma lines, which fall at differ-
ent frequencies from the selected beam. In order to remove them, the beam
is preliminarily filtered by a pre-monochromator before being focused into
the micrometric region on the sample through the microscope objective. One
of the possible configuration of the instrument is the backscattering config-
uration, where the light is focused and collected by the same objective. The
T64000 instrument is equipped with an optical microscope Olympus (model
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Figure 2.7: Horiba T64000 scheme
BX41) mechanically integrated into the system with the possibility to work
with 6 different objectives, already enlisted in Table 2.2.
After the collection, the scattered radiation is filtered to eliminate the intense
Rayleigh scattering. For this purpose, as already said, the commonly used
notch filters have a great limitation: they can not properly cut the radiation
under 100 cm−1. To avoid this restriction, a different type of optical filter
was used in this spectrometer, based on thick volume Bragg gratings (VBSs)
[10, 11]. These filters are made by photo-thermo-refractive glasses printed
with a periodic modulation of the refractive index, which in this way forms a
grating having a well-defined Bragg resonance, enabling the design of light
Table 2.3: T64000 : available laser lines
Wavenumber Power
457.9 nm 30 mW
476.5 nm 150 mW
488.0 nm 250 mW
514.5 nm 250 mW
520.8 nm 100 mW
530.9 nm 200 mW
568.2 nm 150 mW
647.1 nm 300 mW
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filters having a narrower bandwidth than notch filters. To obtain a proper cut
of the elastic scattering, usually 2 or 3 filters should be placed in series, thus
increasing the system costs. The double monochromator of the T64000 spec-
trometer, exploited to filter the Rayleigh line, can work in two different con-
figurations, depending on how the two single monochromators are coupled.
In the subtractive configuration, after the initial selection of the wavenumber
range made by the first monochromator, the light is refocused by the sec-
ond one and finally reselected by the spectrograph, allowing a double cut
of the Rayleigh light and a working range close the laser line (until about 5
cm−1). In the additive configuration, the light dispersion obtained with the
first monochromator is increased by the second one, with an overall gain in
the resolution. However, in this case the elimination of the unwanted light is
not so efficient as in the subtractive configuration. The system configuration
used in this thesis work is the subtractive one, in order to explore the spectral
zone not visible with the LABRAM system.
After the double monochromator, the beam is dispersed by the spectrograph
and finally reach the multichannel CCD detectors (model Simphony, 1024 X
256 pixels and pixel size 26 µm X 26 µm), cooled by liquid nitrogen down
to 134 K. As a matter of fact, for the analysed samples, the LABRAM HR
system had the best performance in the wavenumber range over 200 cm−1,
resulting in spectra with a higher signal to noise ratio. This is due to the
lower total transmittance of the double monochromator compared to that of
the notch filter that means, for signal acquisition times of the same duration,
a worse signal to noise ratio. Moreover, only a higher samples fluorescence
was observed shifting the laser line from 632.8 nm to higher energies, with
absolutely no advantages obtained by the use of the T64000 multi-line laser.
2.5.2 FT-IR spectrometer
A simple scheme of an FT-IR instrument is showed in Figure 2.8: the infrared
polychromatic radiation is directed toward the interferometer, where a beam-
splitter divided the beam in two part: one reaches a moving mirror and the
other a fixed mirror. The two rays are then recombined, pass through the
sample compartment and arrive to the detector.
The Michelson interferometer, the core of a Fourier Transform infrared spec-
trometer, deserves a more detailed description. When the beam arrive on the
beam splitter, it is divided into two parts. The one that is reflected by the
fixed mirror always covers the same distance, but the one that goes to the
moving mirror has a different distance to cover as a function of time. This
means that when the two beams are reunited they have different phases, and
interference phenomena occur. For a monochromatic radiation, the intensity
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Figure 2.8: Scheme of a Fourier Transform infrared spectrometer, from [12]





where I0 is the intensity before the interferometer, and δ is the optical path






is called interferogram. In an FT-IR instrument, the infrared beam is composed
by an infinite number of monochromatic components. To understand what
happen in this case firstly we will deal with a finite number of components
and then we will analyse the infinite case. With finite monochromatic compo-





Figure 2.9: Different light paths in a Michelson interferogram.
where B(νi) is proportional to the intensity of the component with wavenum-
ber νi. In the case of a continuous spectrum with infinite monochromatic








where B(ν) is the source spectrum. The interferogram is thus the inverse
Fourier Transform (FT) of the B(ν) spectrum, and vice-versa, the spectrum is
the FT of the interferogram. If a sample absorbs part of the incident light, the
interferogram will have a lower contribution from the frequencies νi corre-
sponding to a sample adsorption band. After the signal acquisition, a PC is
mandatory to perform the Fourier Transform on the interferogram and obtain
the spectrum.
2.5.2.1 JASCO FTIR 660 plus
The IR spectrometer used in the present thesis was a single beam Jasco 660
plus FTIR. In this instrument the radiation source is a heated ceramic coil,
while the beamsplitter is composed by Ge coated KBr substrates. The trans-
mitted radiation is collected by a DLATGS (deuterated L-alanine doped TriGlicine
Sulfate, a pyroelectric material) detector [13]. The sample chamber and the
interferometer chamber can be evacuated separately to avoid the presence
of CO2 and water vapour, that strongly absorb the infrared radiation. Gas
like N2 can be purged in the chambers as well. The instrument has a maxi-
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mum resolution of 0.5 cm−1, but for all the spectra presented in this work the
resolution was set to 4 cm−1 to avoid excessive noise.
2.5.2.2 ATR technique
Attenuated Total Reflection (ATR) spectroscopy is an alternative technique
for the measure of IR absorption, particularly suitable for really thin samples
or too-adsorbing ones. Usually the sample is measured as received, and no
additional preparation is needed. With this technique, the IR beam coming
from the radiation source is deflected into a crystal, with a proper entrance
angle to assure the complete beam reflection at the crystal inner surface (see
Figure 2.10 for the radiation path scheme). To obtain this, the entrance an-
Figure 2.10: Multiple reflection inside an ATR crystal






where n1 is the refractive index of the crystal, and n2 the one of the sample
[14]. If this is respected, multiple internal reflection of the IR radiation are
obtained inside the crystal. If a sample is put onto the crystal surface a part
of the radiation, called evanescent wave, enter in the first µm of the sam-
ple surface, and here is partially adsorbed. This happens for each multiple
reflection, thus giving multiple absorptions. The depth of penetration of the
evanescent wave, called d, is defined as the distance at which the wave inten-
sity is 1e of the original one, and its value is is dependent on the wavelength








In our laboratory, two crystals are available: one is made by ZnSe and the
other by Ge, both with an entrance angle of 45°, but with different refractive
index n (n=4 for Ge, n=2.4 for ZnSe) and chemical resistance. Usually in the
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IR range d is about 2 microns with the ZnSe crystal cut at 45°, and about
1 microns for the Germanium crystal in the same conditions. The higher re-
fractive index of Ge with respect to ZnSe also means, for high refractive index
samples like composite polymers, that the critical angle is bigger than 45°for
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Chapter 3
Composite Nafion with SnO2
and SnO2-S as filler
3.1 Tin oxides vibrational properties
All the tin oxide powders studied in this work are nanometric, a characteris-
tic that always influences the vibrational features of a material. However, the
vibrational properties of the single crystal are always a good starting point
for the interpretation of the nanosystem features. According to nuclear site
group analysis, in order to calculate the crystal active modes is fundamental
to know which space group the composite belong to and the atoms site sym-
metries.
In the case of SnO2, the primitive cell has a tetragonal rutile structure belong-
ing to the D144h space group, with two molecules per unit cell (Fig 3.1a). The
Figure 3.1: a) SnO2 crystal unit cell and b) SnO crystal unit cell. Oxygen atoms
are colored in red, tin atoms in violet. Figures obtained with the program VESTA [1]
two Sn atoms are in sites with D
′
2h symmetry, while the four O atoms are in
C
′
2v sites (Wyckoff 2a and 4f sites, respectively). With these sites occupied, the
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irreducible representations of the vibrational modes at the Γ point of the Bril-
louin zone are: 1A1g + 1A2g + 2A2u + 1B1g + 1B2g + 2B1u + 1Eg + 4Eu. Among
the 18 total vibrational modes, 3 has to be acoustic: looking at the character
table for the D4h symmetry (table 3.1) is possible to conclude that the acoustic
irreducible representation are Au and Eu. The remaining 15 optical modes are
not all active in Raman or IR; again the active modes are easily recognizable: 5
are Raman active, ( A1g, B1g, B2g and one twofold degenerate Eg) and 7 are IR
active (A2u and three twofold degenerate Eu). From literature corresponding
atomic displacements of the Raman active modes is known: the A1g and B2g
modes are related to the contraction and expansion of the Sn-O bond, while
the Eg modes are due to the vibration of oxygen in the oxygens plan [2].
As regards the vibrational energy, 3 of the 4 expected Raman peaks were ob-
served in single crystal at about 476, 638 and 782 cm−1, while no evidence
was found of the fourth peak, that theoretically has to be at a energy of about
100 cm−1 [3]. IR peaks were detected, for single crystal, at 465 cm−1 (A2u)
and 243, 284 and 605 cm−1 (3 Eu) [4].
Due to the presence in the analysed samples of SnO (as it will be shown in
the next section), also the calculation of the active modes for this oxide form
has been included. As already explained in Chapter 1, SnO has a different
crystal structure than SnO2, with a different spatial group symmetry, even if
still tetragonal: it belongs in fact to the D74h group. Inside the crystal site the
tin atoms are in sites with symmetry C4v, while oxygens are in D2d sites. Due
to this, the vibrational irreducible representations are 1 A1g + 2 A2u + 1 B1g +
2 Eg + 2 Eu. Having the same point group than SnO2 (D4h), the character table
(Table 3.1) and the selection rules are identical, resulting in six Raman active
modes (with symmetry A1g, B1g and two twofold degenerate Eg)and three IR
active modes (with symmetry A2u and Eu). The atom displacements corre-
sponding to the active modes are known from [6]: all the Raman modes are
movement of tin or oxygen atoms on the same plain in opposite directions,
while the IR active modes are characterized by the same vibrational direction
for atom of the same element (causing a displacement of the tin sublactice
with respect to the oxygen sublactice). SnO Raman peaks were detected at
113 and 211 cm−1 in thin films ([6]), with Eg and A1g symmetry respectively
[7], while the B1g peak and second Eg peak, predicted around 360 and 475
cm−1have never been detected. In IR spectra, usually a broad band is found
around 300 cm−1, that correspond to a superposition of the expected A2u and
Eu peaks [8].
Due to the growing interest in nanostructured systems, several studies have
been recently focused on the synthesis and characterization of tin oxides with
nanometric dimensions, and the effect of the size on the vibrational spectra
were studied as well: among the observed effects there were the lowering
57
Table 3.1: Character table for the D4h point group. From [5].
D4h E 2C4 C2z 2C2 2C
′
2 i 2S4
A1g 1 1 1 1 1 1 1
A1u 1 1 1 1 1 −1 −1
A2g 1 1 1 −1 −1 1 1
A2u 1 1 1 −1 −1 −1 −1
B1g 1 −1 1 1 −1 1 −1
B1u 1 −1 1 1 −1 −1 1
B2g 1 −1 1 −1 1 1 −1
B2u 1 −1 1 −1 1 −1 1
Eg 2 0 −2 0 0 2 0
Eu 2 0 −2 0 0 −2 0
D4h oh 2ov 2od
A1g 1 1 1 αxx + αyy , αzz
A1u −1 −1 −1
A2g 1 −1 −1 Rz
A2u −1 1 1 Tz
B1g 1 1 −1 αxx - αyy
B1u −1 −1 1
B2g 1 −1 1 αxy
B2u −1 1 −1
Eg −2 0 0 (Rx,Ry) (αxz,αyz)
Eu 2 0 0 (Tx,Ty)
of the vibrational energy [9], the presence of symmetry forbidden peaks (for
example IR active peaks can also appear in Raman spectra [10]), the broad-
ening of the peaks and additional broad structures due to amorphous phases
or surface phonon modes [11].
3.2 Nafion vibrational properties
The theoretical calculation of the Nafion active modes is almost impossible
due to the difficulty in defining the polymer symmetry. Due to this, all the
studied performed on Nafion vibrational properties try an interpretation of
the experimental data based on the knowledge of Teflon spectra, for the back-
bone chain, and of simplified molecule spectra for the sidechains.
Teflon has been widely studied with Raman and IR in the past because of
its wide technological importance. Under atmospheric pressure it possess a
helicoidal structure whose pitch depends on the temperature: at room tem-
perature the repeat units contains 15 CF2. This chain configuration belongs
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to the D14pi/15 space group, meaning 4 A1 Raman active modes, 3 A2 IR active
modes, 8 two-fold degenerate E1 IR and Raman active modes and 9 two-fold
degenerate E2 Raman active modes [12].
All the Raman peaks of Teflon were observed in the Nafion spectrum with
almost no energy shift, while the exact positions for the IR peaks of Nafion is
more difficult to determine due to significant broader peaks compared to the
Teflon ones, especially in the 1100-1300 cm−1 region, where different peaks
are overlapped and not clearly separable. Due to this, the attribution of the
corresponding backchain vibrational mode to each of the IR peaks is still con-
troversial, and different interpretations are given in literature. Notwithstand-
ing the attribution differences, all the IR studies reported two main peaks in
the range from 1100 to 1300 cm−1 composed by the convolution of different
vibrational modes, prevalently CF2 vibrations: with ATR technique and dry
membrane, one is at 1153 cm−1, and the second at 1211 cm−1 [13].
The remaining Nafion peaks, not present in the Teflon spectrum, have to be-
Table 3.2: Assignments of the Raman and IR (200 - 1400 cm−1) peaks of Nafion,
from [14] (only the peaks with an assigned mode are reported)









731 719 A1 vs(CF2)
741 780 E2 vs(CF2)
805 805 v(CS)
971 970 vs(COC)
1060 1058 vs(SO−3 )
1130 vas(SO−3 )
1148 E1 vas (CF2)
1204 A2 vas (CF2), vas(SO−3 )
1216 1216 E1 vas(CF2)
1297 1300 E2 v(CC)
1377 A1 vs(CC)
long to the sidechain vibrations. At about 1058 cm−1 (both in Raman and IR)
the symmetric stretching vibration of the SO−3 group is recognized, in agree-
ment with the study on polystyrene- and on trifluoromethane-sulfonic acid
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[15, 16]. This vibration provides fundamental informations about the effect
of the environment on the exchange properties of the membrane, and has a
clear energy shift depending on the SO−3 surrounding environment, like the
local hydration level. The corresponding asymmetric vibration, expected in
the IR in a range from 1100 to 1400 cm−1, is unfortunately hidden by the more
intense CF2 stretching vibrations, and can not be located precisely. However,
a sure proof of the presence of this peaks under the main CF2 ones is the shift,
in IR, of the maxima of the peaks at 1153 and 1212 cm−1 with different mem-
brane hydration, in tune with the behaviour of the SO−3 symmetric vibration.
A peak at 970 cm−1 is observed in both Raman and IR, and was attributed by
all authors to the C-O-C symmetric stretching. A second band, whose attri-
bution is more controversial, appears in IR at around 983 cm−1: while there
is accordance that it is due to a vibration of the C-O-C groups, some authors
assign it to the νs mode of C-O-C groups embedded in the ionic clusters [17]
while others attribute it to the anti-symmetric νas mode of C-O-C [18]. Fi-
nally, the IR and Raman feature at 805 cm−1 were assigned to the symmetric
C-S stretching vibration.
A summary of the proposed attributions is presented in Table 3.2 [14].
3.3 Materials synthesis
SnO2 and S-SnO2 powders were obtained in the form of highly hydrated
nanosized particles by a wet chemistry synthesis, already described in [[19]].
SnCl4 was dissolved in water and therefore a 30% NH3 water solution was
added dropwise. The obtained white soft Sn(OH)4 colloid has been care-
fully washed with de-ionised water to remove all the contaminants. The final
white gel was dried under dynamic vacuum overnight at 110 °C and then
hand grinded to obtain the SnO2 powder. For the S-SnO2 preparation, SnO2
was suspended in deionised water and stirred continuously to enhance the
water adsorption. After 24 h of vigorous stirring, the water suspension was
treated with H2SO4 (final concentration 0.5 M) for 30 minutes under stirring.
After decantation, the material was filtered and then annealed in air for 3 h
at 500 °C.
Both doped and undoped Nafion membranes were prepared following a so-
lution casting procedure. The commercial Nafion solution (5 wt% in wa-
ter/alcohol, Ion Power Inc. E.W. 1100) was treated with N,N-dimethylacet-
amide at 80 °C to replace the solvents. When required, inorganic filler pow-
ders were added to the Nafion solution and stirred to homogenise the suspen-
sion. An optimal additive loading of 5 % with respect to the Nafion polymer
weight was chosen for the investigations, in agreement with previous results
60
obtained by Chen et al., where Nafion membranes with a 5 wt % of sulfated
tin oxide showed an optimized proton conductivity with respect to 10 wt %-
added and not sulfated SnO2 membranes [20]. The mixtures were casted on
a Petri dish and dry membranes were obtained by solvent evaporation at 90
°C. The casted polymer membrane were successively hot-pressed at 175 °C
for 15 min at 10 tons to improve robustness and finally activated and purified
by subsequent immersions in boiling hydrogen peroxide (3 vol.%), sulphuric
acid (0.5 M) and water. All the investigated membranes have a similar thick-
ness of about 90 µm.





Nafion + SnO2 N-F110
Nafion + sulfated SnO2 N-F110S
3.4 Experimental methods
3.4.1 Raman spectroscopy
Raman spectra at standard ambient conditions were carried out in backscat-
tering geometry by means of a single monocromator micro-sampling set-up
(Horiba-Jobin Yvon, model LabRam HR), or a triple axis monocromator setup
(Horiba-Jobin Yvon T64000), both described in chapter 2. All the spectra
recorded by the T64000 instrument were excited by the 514.5 nm laser line.
The best Raman spectra were obtained by focusing the laser beam through
the lens of a long-working distance 50X objective, onto a spot of about 2 µm in
size, while the power on the sample surface was kept below 3 mW, in particu-
lar for the powders spectra, where an optical filter with OD=1 was used. Due
to low laser irradiance power and poor Raman cross-section efficiency of the
samples, long integration time was mandatory to obtain spectra with a rea-
sonable signal-to-noise ratio (S/N). In some cases, cyclic scans were carried
out from the same sample micro-region and then averaged to improve the
S/N. All the spectra were calibrated in frequency using the emission lines of
an Ar spectral lamp. Repeated micro-Raman spectra were carried out under
the same experimental conditions from different micro regions of the inves-
tigated sample to verify their reproducibility over the surface. The recorded
61
spectra were processed to remove artefacts due to cosmic rays, while the lu-
minescence background was subtracted before starting the analysis of the
experimental data.
Spectra at controlled ambient relative humidities (RH) were collected at room
temperature with the LABRAM HR instrument. Prior to the measurement,
samples were stored in close containers in presence of a saturated salt so-
lution at least for 24 h. The used salts and the corresponding RH values
are enlisted in Table 3.4. Samples were then collected from the storage box
and quickly moved to an home made sealed measuring chamber (Figure
3.2) in which the same salt solution was present in order to keep the de-
sired RH condition also during the spectra acquisition. All the spectra were
Figure 3.2: Home-made sample holder for Raman measurements at controlled rela-
tive humidity condition. The sample spectra were collected trough a thin quartz glass
that isolates the sample from the outer atmosphere. A hole under the sample ensured
the membrane equilibrium with the inner environment, whose relative humidity is
controlled by a saturated salt solution (water in the image).
recorded at least one hour after the sample movement, to allow an eventual
re-equilibration of the sample with the environment. For these measurements
Table 3.4: Summary of saturated salt solutions used for the samples conditioning at
different RH. Relative humidity values were taken from [21, 22]







a high precision on the evolution of the peaks position was necessary: to as-
sure this the Raman peaks were fitted with Lorentzian curves and a complex
procedure for the calibration of the peaks positions was adopted. In fact,
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the low signal intensity did not allow the use of the 1800 lines/mm diffrac-
tion grating (with the ulterior signal decrease due to this grating the mea-
surements would last very long) while the 600 lines/mm grating has not the
sufficient resolution to define the position of narrow peaks like the Ar lamp
emissions with an error under 1 cm−1 because the peak width in this case is
lower than the instrument resolution.
The solution was to divide the evaluation of the peaks position in two sep-
arate steps: previously the absolute position of the 731 cm−1 peak of Nafion
(the one with the highest intensity) was calibrated with the 1800 lines/mm
grating in presence of the Ar lamp for the three samples (no differences were
found with filler inclusion and different RH), then the effective Raman spec-
tra were collected with the 600 lines/mm grating. In these last spectra the
731 cm−1 peak was fitted and its position was used as an internal reference.
Controls were done to be sure that the exposure to the laser beam did not
affect the membranes inner humidity: at 100 % RH, the condition more sensi-
ble to an eventual dehydration, a set of 5 spectra were subsequently recorded
after an exposure time to the laser beam of 40 seconds and then followed by
the collection of two spectra lasting 20 minutes (the real measurements time).
The SO−3 peak position, very sensible to the inner humidity, was monitored
to detect any eventual change. In this way a control of dehydration process
was performed on both short and long irradiation time scales.
3.4.2 Water uptake
The membranes water content at different ambient relative humidities was
derived using a room temperature gravimetric method. Samples were kept
in close containers in presence of different saturated salt solutions at least
for 12 h (for longer conditioning time no weight difference was observed).
The salts used are enlisted in Table 3.4. To obtain the dry weight the samples
were kept in vacuum overnight. After the conditioning, the membranes were
transferred to the balance in a close vessel for the weighing procedure. Multi-
ple spectra were collected for each sample at each RH value in order to verify










FT-IR spectra were obtained at room temperature in ATR configuration in the
spectral range between 4000 cm−1 and 900 cm1 using a JASCO spectrometer
mod. FT/IR-660 plus, described in chapter 2. During the measurements the
samples were kept in contact with the flat surface of a Ge crystal. The choice
of this material was due to the high refractive index of the SnO2 powder. The
IR spectra were recorded with a resolution of 4 cm−1, using a polystyrene film
as a reference. The number of scans for each spectrum were chosen to ensure
an optimal signal-to-noise ratio. A proper baseline has been systematically
subtracted from all the spectra to get more significant comparison among
them.
3.5 Results: SnO2 and SnO2-S powders
3.5.1 Raman spectra
The spectral properties of the synthesised nanopowders were compared with
a commercially available nano-sized powder, nominally in rutile phase (Sigma-
Aldrich, product n.549657) taken as reference, using both Raman instruments
to cover a wavenumber range from 80 to over 1500 cm−1 (spectra recorded
by LABRAM in Fig.3.3 and by T64000 in Fig.3.4). Focusing on Fig. 3.3, in the
commercial powder spectrum (botton panel) are clearly visible all the three
rutile modes expected in this wavenumber range, at 474, 636 and 774 cm−1,
together with a broader band with relatively low intensity, peaked at about
560 cm1, observed in literature [24] and ascribed to the combination of var-
ious modes such as an amorphous SnO2 mode and an amorphous tin (IV)
hydrous oxide Raman band.
The spectra of the F110 and F110S samples, reported in the middle and upper
panels of Figure 3.3, show only two of the characteristic bands of the tetrag-
onal rutile SnO2 (at 474 cm−1 and 632 cm−1). These are overimposed to a
band centred at about 560 cm−1, much stronger than in the commercial pow-
der, which probably hides the missing SnO2 peak at 774 cm−1 and suggests
the presence of a larger amount of amorphous phase. In addition, the two
spectra display other common bands of unknown origin at about 310 cm−1,
698 cm−1, 752 cm−1 and 1000 cm−1, probably originated by the presence of
impurities in the F110 powder.
Finally, the sulfated sample also displays three additional peaks at about 978
cm−1, 1039 cm−1 and 1131 cm−1, which are characteristic vibrational modes
of the sulphate (SO2−4 ) group [16]. In particular, the peak at 978 cm
−1 is due
to the SO2−4 intramolecular normal mode ν1 (symmetric stretching), while
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Figure 3.3: Unpolarised micro-Raman spectra recorded from the commercial SnO2
powder (bottom panel), and from the samples F110 (mid panel) and F110S (top
panel). From [23]
the two peaks at 1039 cm−1 and 1131 cm−1 are due to the splitting of the ν3
mode (asymmetric stretching) [25]. The ν3 mode splitting into two different
peaks suggests a sulfate monodentate coordination, even if a confirmation is
needed by IR spectroscopy, a technique where these peaks are more visible.
In the low wavenumbers region (Fig 3.4) the comparison between the com-
mercial powder and the F110 and F110S samples reveals another difference:
two additional peaks are present in the laboratory-synthesized samples, at
112 and 211 cm−1, highlighting a SnO phase inside the SnO2 powder. In Fig
3.4 the spectrum of commercial SnO powder has been added as a compari-
son. In the calcined sample (F110S) the SnO presence is lower, as it is expected
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Figure 3.4: Raman spectra at low wavenumbers of F100 (red) and F100S (black)
samples, compared to commercial SnO2 (blue) and SnO (green) powders.The narrow
lines under 200 cm1 in the commercial SnO2 are due to air vibrations.
being the SnO2 phase the one stabilized at high temperature.
To investigate a possible SnO source a control was done on the precursor
materials. As described in the material synthesis section the powder was ob-
tained from SnCl4: if this was not pure, but contained also SnCl2, this could
have caused the SnO formation. In Fig 3.5 the spectrum of the SnCl4 pre-
cursor (in red) was compared with the spectrum of a commercial SnCl2: the
former shows all the principal peaks listed in literature [26], and none of the
SnCl2 peaks, thus confirming the substance purity. It is evident that the SnO
presence shoud not be attributed to the precursor, but to another, and still not
defined, source.
3.5.2 Infrared spectra
FT-IR spectra of F110 and F110S samples are reported in Fig 3.6 together with
the one of a commercial SnO2. Due to the use of the ATR technique with a Ge
crystal, the lower measurable wavenumber is around 900 cm−1 (Germanium
adsorbs too much radiation below this wavenumber value). This did not al-
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Figure 3.5: Raman spectrum of the SnCl4 precursor (red) compared to the spectrum
of SnCl2 (black).
low the direct observation of the SnO2 peaks, but the analysis of the sulfate
vibrations region was still possible.
The obtained spectra confirm the Raman results: as expected no peaks are ob-
served in the analysed zone for the pure SnO2 powders (both commercial and
laboratory-synthesized) while three peaks are present in the sulfated sample.
The confirmed presence of the 1135 cm−1 peak and the absence of a fourth
one confirmed that the ν3 mode is doubly split, implying the monodentate
coordination of the sulfate. For a better understanding of the role of the sul-
fate coordination on the ν3 splitting a list of the ν1 and ν3 infrared peaks is
presented in Table 3.5 for all the sulfate possible coordinations. In particu-
lar, the isolated SO2−4 ion has a Td symmetry, and only one peak, threefold
degenerate, at about 1100 cm−1 while the monodentate coordination change
the ion symmetry, that became C3v, thus causing the occurrence of one peak
at about 1040 cm−1 and one twofold degenerate peak at about 1135 cm−1, as
in the present study. If the coordination is bidentate the symmetry change
again to C2v, giving raise to three different peaks (not degenerate) for the ν3
modes.
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Figure 3.6: ATR spectra recorded in the spectral range between 900 cm1 and 1400
cm1 from the commercial SnO2 powder (bottom panel) and from the samples F110
(mid panel) and F110S (top panel) [23].
3.6 Results: composite membranes
3.6.1 Raman spectra
As obtained Nafion membranes, both pure and composite, showed a high
luminescence that resulted in a difficult acquisition of the Raman signal. Due
to this, all the membranes were preliminary subjected to the so-called re-
activation process, that consisted in a subsequent immersion in boiling hy-
drogen peroxide (3%), sulphuric acid (0.5 M) and water for about 30 minutes
each step. After this treatment the luminescence, though still present, was
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Table 3.5: Sulfate ion modes splitting with different coordination, (Co(III) compos-
ites). From [27]
Symmetry ν1 frequency ν3 frequency








quenched to acceptable levels.
In Figure 3.7 the Raman spectra of pure Nafion membrane (Nafion recast),
Nafion with F110 (N-F110) and Nafion with F110S (N-F110S) are shown,
recorded at standard ambient conditions. All the characteristic bands of Nafion
expected in the measured wavenumbers range can be observed for all the
samples: at about 292 cm−1 [t(CF2)], 310 cm−1 [t(CF2)], 385 cm−1 [δ(CF2)],
570 cm−1 [δ(CF2)], 730 cm−1 [vs(CF2)], 805 cm−1 [v(CS)], 970 cm−1 [vs(CS)],
1058 cm−1 [vs(SO−3 )], 1210 cm
−1 [vas(CF2)], 1297 cm−1 [v(CC)] and 1380 cm−1
[vs (CC)].
Both N-F110 and N-F110S show a more complex spectrum with respect to
recast Nafion resulting from the superposition of the Nafion membrane spec-
trum with that of the nanosized SnO2 powder. The presence of tetragonal
rutile SnO2 in the two composite samples, both in crystalline and in amor-
phous phases, is confirmed by the two peaks at 632 cm−1 and 474 cm−1 (this
last hardly observable) overlapping the broad band at about 560 cm−1. Ap-
parently no new Raman mode is observed, which could suggest a chemical
interaction between the filler and the host matrix. Spectra collected from dif-
ferent points in N-F110 and N-F110S samples revealed that the intensity of
the SnO2 peak at 632 cm−1 is on average slightly higher for the sulfate sam-
ple, implying a probably higher filler concentration.
The low wavenumber spectra (Figure 3.8) evidence the presence of the im-
purity peaks (at 696 and 750 cm−1) also after the F110 and F110S inclusion
into the membrane, and the persistence of the SnO phase (111 and 209 cm−1
peaks).
Surprisingly, no evidence of spectral features related to the sulphate group is
found in N-F110S. In order to understand if the absence of the sulfate peaks
in the N-F110S sample was due to a low Raman signal or to an effective ab-
sence of sulfate group after the powder inclusion, an ulterior analysis was
done by means of Energy Dispersive X-Ray technique (EDX). The relative ra-
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Figure 3.7: Raman spectra of pure Nafion (lower panel), N-F110 (middle panel) and
N-F110S (upper panel) measured with the LABRAM instrument.
tios between sulfur ( always presents in Nafion and, for N-F110S, in the filler)
and fluorine (presents only in Nafion) for the three analysed membrane are
shown in Table 3.6. The obtained values evidence that no excess sulfur is






Figure 3.8: Raman spectra of pure Nafion (lower panel), N-F110 (middle panel) and
N-F110S (upper panel) measured with the T64000 instrument in the low wavenum-
bers range.
found in the membrane with sulfated tin oxide: this mean that when the sul-
fated powder is included into the membrane almost all the functionalization
is lost, and what remains is almost only tin oxide. Moreover, the EDX analysis
confirm the slightly higher Sn concentration in the N-F110s sample (relative
to the fluorine percentage, the exact absolute concentration is unknown due
to the lack of a standard for the Sn), as already observed with Raman spec-
troscopy. Up to now, no other effort were made to obtain a membrane with a
more stable sulfate functionalization. Even if the powder functionalization in
N-F110S is mainly lost, the N-F110 and N-F110S electrical properties are not
the same. Both show better ex-situ conductions and fuel cell performances
than pure Nafion, but the formally sulfated sample is the best. Two proba-
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ble explanations can be given: the powder retains a small amount of sulfate
groups, not detectable with EDX or Raman but still effective for the mem-
brane conduction improvement, or the slightly higher SnO2 content in this
sample is better for the membrane performances (the 5 % loading was cho-
sen because gave better results than 10% in [20], but no intermediate value
has been investigated yet).
3.6.1.1 Raman spectra at different ambient relative humidity
As already explained, one of the more critical properties of a Nafion mem-
brane, composite or not, is the water retention capacity, especially at low RH.
As a matter of fact, the main point in the inclusion of a metal oxide is the
increasing of this capacity. Due to this, the investigation of the membranes
behaviour at various ambient relative humidity is of extreme interest.
With Raman spectroscopy the main difference observed in pure Nafion spec-
trum changing the RH (established that the direct observation of the water
bands is not always possible for their weak Raman intensities), were the en-
ergy and the intensity of the peak attributed to the SO−3 vibration at about
1058 cm−1. In particular, an increase in the peak energy and a lower peak
area were detected with decreasing humidity [28]. These changes were ex-
plained with the different environment in the proximity of the SO−3 groups
at different water content: in dry conditions the S-O dipole is strongly po-
larized by the electrostatic field of the H+ counter ion, while with increasing
relative humidity the growing number of water molecules shield the SO−3 ion
[29, 30]. The interaction with the bare H+ change also the dipole polarizabil-
ity, and thus the Raman peak area.
Raman spectroscopy is therefore an important tool to analyse the effective
environment present near the Nafion side chain at various RH, and an in-
teresting question is: what happen to the SO−3 peak (and thus to the SO
−
3
environment) in presence of a filler?
To the best of our knowledge a similar study, here presented, has never been
done before. For this analysis the Raman spectra were obtained from at least
four different points on the membranes surface for each RH value. The pow-
der spectral contribution was then subtracted from the composite membrane
spectra (the subtraction effect is shown in Figure 3.9) to allow a better estima-
tion of the peak position and intensity. All the remaining peaks were fitted
with Lorentzian curves and the calibration procedure described in the exper-
imental section was applied. The SO−3 peak of the three membranes at 11,
53, 75 and 100 % RH are presented in Figure 3.10, while the resume of the
peak positions at all the explored RH is shown in Figure 3.11. The error bars
in Figure 3.11 and 3.12 represent the calculated standard deviations.
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Figure 3.9: Spectrum of N-F110S sample before (a) and after (b) the F110S spectrum
subtraction, compared to c) pure Nafion
Figure 3.10: SO−3 peak at 11, 53, 75 and 100 % RH for the three samples analysed.
The trend in the peak shift for pure Nafion is similar to the one already re-
ported in literature: a greater shift in the peak position is observed at low RH
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than at high RH for an equal change in relative humidity. The behaviour is
different for the composite membranes. In particular, N-F110 has peak posi-
tions similar to the pure Nafion at low RH but shows a divergence at high RH:
the peak energy seems to reach a stable value, higher than in pure Nafion, un-
til an abrupt shift toward lower energies occurred near 100 % RH. The same
is observed for N-F110S, even if amplified: the peak position diverges from
the Nafion one already at 33 % RH.
Figure 3.11: SO−3 peak positions vs ambient relative humidity for pure Nafion (red),
N-F110 (black) and N-F110S (green).
As explained before, the peak energy directly depends on the S-O dipole
electrostatic interaction with the counterions, and a change in the position
at equal RH means a difference in the SO−3 perturbation, that can occurs in
two way: a different water content, that results in a different shielding ef-
fect, or a direct modification of the electric charge responsible for the SO−3
perturbation. This latter motivation was given in literature to explain the
modification in the SO−3 peak position observed in ion-exchanged Nafion: if
the H+ was substituted with a heavier cation (Li+, Na+, K+ and Rb+) the
peak energy at low RH was found at lower value then in Nafion - H+ (with
values progressively more similar to the free SO−3 for heavier cations), while
no particular differences were observed at high RH [30]. The difference in
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the SO−3 perturbation at low RH was imputed to the lower net charge of the
bigger cations compared with the smaller H+, while at high RH the water
molecules shielded the cation both in the Nafion - H+ and in the Nafion-
exchanged, erasing the differences. An important point here is that similar
energy value at high RH does not always mean equal quantity of shielding
water. In fact, if the SO−3 is less perturbed, like in the Nafion-exchanged case,
potentially less water is needed to shield the lower electrostatic field present
and obtain an almost free SO−3 . This is precisely what happened: water up-
take measurements revealed that Nafion exchanged with heavier cations ad-
sorb less water [31], but clearly this water is sufficient to completely shield
the S-O dipole and have vibrational energy at high RH similar to the pure
Nafion one.
Returning to the N-F110 and N-F110S samples, the position identical to the
Figure 3.12: SO−3 peak intensity vs ambient relative humidity for pure Nafion (red),
N-F110 (black) and N-F110S (green).
pure Nafion case observed at low relative humidity suggests that the elec-
trostatic field responsible for the SO−3 perturbation is the same in the three
samples, and the filler presence does not change the net charge experienced
by the sulfonic groups. If the net perturbation is the same at low RH, where
the effect of an eventual charge difference has to be maximum, it is reason-
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ably to expect the same at higher RH, where additional shielding water is
present. Due to this, the differences observed in the composite samples at
high RH can only be attributed to a lower water quantity, that less screen the
SO−3 from the counterions field with respect to the pure Nafion. A question
now arises: is the lower water content global or just local? Water uptake mea-
surements were made to answer to this question.
As regards the more pronounced deviation occurring in N-F110S, the ex-
planation can be the retention of a small amount of sulfate groups on the
nanopowder surface that also interacts with the surrounding water, or the
slightly higher SnO2 content found in this sample.
A confirmation of the trend observed in the peak positions come from the
peak intensities (Figure 3.12), calculated as ratio between the SO−3 peak and
the Nafion peak at 731 cm−1. In this case the pure Nafion peak intensity, as
assessed in literature, has a behaviour that is somehow opposite to the peak
position one: the area increases with the RH value, but the greater changes
are still in the low RH range. Again, the composite membranes show a dif-
ferent trend, especially at high RH, similar to the one observed for the peak
energy. The area is strongly dependent on the chosen background and to the
powder spectrum subtraction, while the position is dependent on the calibra-
tion procedure: obtaining the same trend with both is an important check for
the correctness of the spectra analysis.
3.6.2 Water uptake
In general, the water sorption of pure Nafion as a function of the ambient rela-
tive humidity shows two different behaviour: at low RH the plot is character-
ized by a small increase in water uptake until a value of about 5 to 6 H2O per
SO3H, above which the increase is considerably greater and the membranes
start to swell. This results can be explained in terms of a condition of tightly
bound, SO3H-associated water in the initial stage of hydration followed by
the addition of more loosely bound water in the latter stage [32, 33, 34].
The Nafion water uptake curve measured in this study (Figure 3.13) per-
fectly resembles the curves obtained in literature. Comparing the values for
Nafion, N-F110 and N-F110S samples no great difference catches the eye and
only slightly higher values were found for the N-F110 at high RH, but inside
the measurement errors. What are clearly not present are the differences ob-
served for the SO−3 peak with Raman spectroscopy at high RH. These have
in theory to be even more visible, not occurring in a plateaux zone, like in
Raman, but in the zone of major curve slope.
From this absence, it is possible to say that the difference in shielding water
found with Raman spectroscopy does not depends on a lower general water
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Figure 3.13: Water uptake vs ambient relative humidity for pure Nafion (red), N-
F110 (black) and N-F110S (green).
content, but on a not homogeneous water distribution inside the membrane,
with a lower water amount only in the proximity of the sulfonate ions, and
necessarily a higher water amount (compared to pure Nafion) in the proxim-
ity of the powder. In fact, having the composite membrane a SO−3 density
necessarily inferior than pure Nafion due to the presence inside the polymer
matrix of the nanopowder, an homogeneous water distribution and an equal
quantity of water at a given RH have to mean a number of water molecule
for each SO−3 even higher for the composite membrane that in pure Nafion,
in complete disagreement with the Raman results, that can thus only be ex-
plained by a not homogeneous water distribution.
3.6.3 Infrared spectra
Infrared analysis of the samples were also carried out. The analysis of the
composite membranes was not easy to perform: the relative high thickness
of the membranes does not allow the use of the transmission technique, forc-
ing the use of ATR. Moreover, due to the high samples refractive index, it
was possible to use only the Ge crystal, with a strong limitation on the light
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Figure 3.14: FT-IR ATR spectra of pure Nafion (lower panel), N-F110 (middle
panel) and N-F110S (upper panel).
penetration inside the membranes and a consequent very low light absorp-
tion. The signal was even lower if the membranes were not completely wet,
probably for a beneficial effect of the water on the sample adhesion on the
crystal. However, FT-IR spectra of the three samples were made with mem-
branes fully hydrated: the expected vibrational peaks were found in the pure
Nafion spectrum (at 969, 981, 1060, 1153 and 1211 cm−1), and no differences
were observed for the composite samples, confirming the low interaction be-
tween the filler and the Nafion matrix as assessed by Raman spectroscopy.
The presence of sulfate groups in N-F110S could not be investigated with
this technique, because of the more intense C-F2 peaks in the same region
that would hide eventual sulfate vibration peaks.
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Infrared spectroscopy has a great potential for the study of the water state
inside a polymer at different RH due to the high intensity of the water bands,
but such a study was not possible, due to the already mentioned low signal
of the membranes. For the same reason, the study of the SO−3 position at var-
ious ambient relative humidity, complementary to the Raman one, was also
not possible.
3.7 Conclusion
A complementary study with both Raman and FT-IR spectroscopy was per-
formed on bare F110 and F110S fillers and on composite Nafion membranes.
As regard the Raman spectra of the fillers, the characteristic SnO2 peaks were
observed in both F110 and F110S alongside with peaks corresponding to an
SnO phase and a broad band centred at 560 cm−1 due to the presence of
an amorphous phase. In F110S sample the functionalization with sulfated
groups was confirmed by the observation of the SO2−4 vibrational peaks in the
spectral range between 970 and 1135 cm−1. FT-IR spectroscopy confirmed the
presence of three peaks in this range and thus the monodentate coordination
of the SO2−4 groups. The composite membranes spectra obtained with Raman
technique showed all the unmodified Nafion peaks with the addition of the
filler features, even if no sign of the sulfate peaks were found in the N-F110S
sample. An additional analysis by means of EDX technique displayed that
no significant increase in the amount of sulfur was present in this sample,
suggesting a possible detachment of the functionalization from the powder
during the inclusion in Nafion. A detailed Raman analysis at different am-
bient relative humidity on the SO−3 peak position and intensity revealed im-
portant divergences between pure Nafion and composite membranes, and in
combination with water uptake measurements highlighted a different water
distribution inside the membrane due to the filler presence.
This results underline how the prevision of the effects of a metal oxide in-
clusion like SnO2 inside the Nafion matrix is not straight forward. SnO2 was
included basically to increase the membrane water uptake, but what happen
in reality is more complicated: no great changes were observed at low RH,
while at high RH an effective increase in the water content near the powder is
counterbalanced by a lower hydration near the sulfonate ions. Only at really
high RH (close to 100%) the SO−3 peak position returns to similar value for all
the three samples. The reason of this behaviour, probably due to a saturation
of the filler that allows the last adsorbed water to hydrate the SO−3 zone, has
still to be investigated.
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Chapter 4
Composite Nafion with S-TiO2
as filler
4.1 Titanium dioxides vibrational properties
TiO2 vibrational spectrum depends on the type of titania polymorph: each
one in fact has a different crystal symmetry or number of molecules per unit
cell, thus meaning a different number of vibrational active modes for each
structure. In this section, only the four main titania polymorphs will be anal-
ysed: anatase, rutile, brookite and TiO2-B, with crystal structures shown in
Figure 4.1.
Rutile crystal has a D4h14 symmetry (same as tin dioxide), with two formula
units per cell. The two Titanium atoms are in D′2h symmetry sites, while the
four O atoms are in C′2v sites (Wyckoff 2a and 4f sites, respectively). The sites
occupation is identical to SnO2 and thus the irreducible representations of the
vibrational modes are the same: 1 A1g + 1 A2g + 2 A2u + 1 B1g + 1 B2g + 2 B1u
+ 1 Eg + 4 Eu. Among the vibrational modes, five are Raman active (A1g, B1g,
B2g and one twofold degenerate Eg) and seven are IR active (A2u and three
twofold degenerate Eu) [2]. The corresponding vibrational energy are, for Ra-
man, 143 cm−1 (B1g), 447 cm−1 (Eg), 612 (A1g) and 826 cm−1(B1g), while with
infrared spectroscopy are at 183 (Eu), 388 (Eu), 500 (Eu) and 167 cm−1 (A2u).
Differently from rutile, the anatase crystal structure belongs to the D4h19 space
group, with two molecules per cell. The atoms are in sites with D2d (Ti) and
Cv2v symmetry (O), corresponding to 4a and 8e Wyckoff’s sites respectively.
With these features, the irreducible representation of the vibrational modes
are A1g + 2A1g + 2B1g + B1g + 3Eg +3Eu. According to the character table
already reported for the D14 point group (Tab 3.1), A2u and Eg are acustic
modes, 1 A1g, 2 B1g and 3 Eg are the effective Raman active modes, while 1
A2u mode and 2 Eu are IR active. In the past years different studies on the
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Figure 4.1: The four natural polymorphs of TiO2: a) anatase, b) rutile, c)
brookite and d) TiO2-B. Titanium atoms are colored in light blue while oxy-
gens are in red. Figures obtained with the program VESTA [1]
Raman vibrational frequencies of anatase crystal have been published with
contradictory results on the peaks attribution. The existing ambiguities were
definitely overcame by Giarola et al. [3], which through a careful polarized
Raman analysis assigned the peaks at 143, 198 and 639 cm−1 to the three Eg
modes, the one at 518 cm−1 to the A1g mode and the two at 395 and 512 cm−1
to the two B1g modes. As regards the infrared peaks, in trasmission mode
the anatase monocrystals exhibits the A2u mode at 367 cm−1 and the two Eu
modes at 262 and 435 cm−1.
The vibrational spectrum of Brookite is far more complicated: this phase has
a lattice structure with a D152h symmetry and eight molecules per unit cell, thus
meaning a total of 72 vibrational modes. Both Ti and O atoms are in sites with
C1 symmetry (Wychoff site 8c) and, according to the group theory, the irre-
ducible representation at the Γ point of the Brillouen zone are 9 Ag + 9 B1g +
9 B2g + 9 B3g +9 A1u + 9B1u + 9 B2u + 9 B3u. Looking at the character table for
the D2h point group (see Table 4.1), 9 Ag + 9 B1g + 9 B2g + 9 B3g are Raman
active, while, after the subtraction of the acustic modes (one B1u, one B2u and
one B3u), the infrared active modes are 8 B1u + 8 B2u + 8 B3u [4]. All the Ag
Raman modes have been identified (Iliev et al.) at 125, 152, 194, 246, 324, 412,
492, 545 and 640 cm−1) through a polarization analysis and the comparison
84
with the values obtained with DFT calculation, while not all the B mode were
clearly detected. In fact, only seven of the nine B1g modes were seen (at 169,
212, 283, 327, 381, 449 and 622 cm−1), and also the B2g modes were not com-
pletely identified (only seven, at 160, 254, 325, 366, 391, 460 and 584 cm−1).
Also some B3g modes are still missing, as only five have been recognized un-
til now (at 132, 212, 318, 416, 500 cm−1) [5]. The symmetry attribution of the
observed infrared peaks was not so straight forward: a greater discrepance
was found between the calculated wavenumber values and the experimental
ones. However, all the eight B1u modes, six of the B2u modes and seven of the
B3u modes have been assigned, all in the range from 168 to 587 cm−1.
Table 4.1: Character table for the D2h point group, from [6]





Ag 1 1 1 1 1
Au 1 1 1 1 −1
B1g 1 1 −1 −1 1
B1u 1 1 −1 −1 −1
B2g 1 −1 1 −1 1
B2u 1 −1 1 −1 −1
B3g 1 −1 −1 1 1
B3u 1 −1 −1 1 −1
D2h oxy oxz oyz
Ag 1 1 1 αxx, αyy, αzz
Au −1 −1 −1
B1g 1 −1 −1 Rz αxy
B1u −1 1 1 Tz
B2g −1 1 −1 Ry αxz
B2u 1 −1 1 Ty
B3g −1 −1 1 Rx αyz
B3u 1 1 −1 Tx
TiO2-B has been widely studied in the last years, mainly because of the
discovery of the promising behaviour of this polymorph as lithium-ion bat-
tery negative electrode [7]. The primitive cell of TiO2-B is less symmetric
compared to the cells of the three TiO2 phases already presented, and belong
to the monoclinic system, with a C32h symmetry and four formula units. Due
to this a total of 36 vibrational modes are present. All the atoms are in sites
with Cs symmetry (Wickoff 4i sites), and the calculated irreducible represen-
tations are 12 Ag + 6 Au + 6 Bg + 12 Bu. Among these the 12 Ag + 6 Bg modes
are Raman active, and 5 Au + 10 Bu are infrared active (the acustic modes are
one Au and 2 Bu, see Table 4.2). The Raman modes are expected at 123 (Bg),
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145 (Ag), 161 (Ag), 172 (Ag), 196 cm−1 (Bg) [7, 8] and at 237 (Bg), 251 (Bg),
292(Ag), 365 (Ag), 408 (Ag), 430 (Ag), 465 (Ag), 550 (Ag), 633 (Bg), 651 (Ag),
856 cm−1 (Ag) [9]
Table 4.2: Character table for the C2h point group, from [6]
C2h E Cz2 i oh
Ag 1 1 1 1 Rz αxx,αyy,αzz,αxy
Au 1 1 −1 −1 Tz
Bg 1 −1 1 −1 Rx,Ry αxz,αyz
Bu 1 −1 −1 1 Tx,Ty
4.2 Materials synthesis
Sulfated titania (S-TiO2) was obtained through a 1-step sol-gel procedure, a
process never used before for the synthesis of nanopowder used as Nafion
filler. In this procedure a solution of titanium isopropoxide in 2-propanol
(Sigma-Aldrich) is used as Ti source and an aqueous sulfuric acid solution
(0.5M) is adopted for both hydrolysis and sulfating processes. After 2 h of
vigorous stirring, the final solution is filtered and calcined for 3 h at 400 °C
[28]. Plain and composite Nafion membranes were prepared according to a
solvent-casting procedure [7]. A commercial Nafion dispersion (5 wt% in wa-
ter/alcohol, E.W. 1100, Ion Power, GmbH) was treated with N,N-dimethyl-
acetamide at 80 °C to replace the solvents. For composite membranes, the
inorganic powder was added to the final Nafion solution and stirred to ho-
mogenize the dispersion. 2%, 5% and 7% of filler concentrations with respect
to Nafion content were chosen. Each mixture was casted on a Petri dish and
dried at 100 °C to obtain self-standing membranes. Dry membranes were
then hot-pressed at 175 °C at 50 atm for 15 minute and were finally activated
by immersion in boiling hydrogen peroxide (3%), sulfuric acid (0.5 M) and
water. Table 4.3 summarizes the samples investigated in the present work.




Micro-Raman spectroscopy measurements were carried out in backscattering
geometry using the two different Horiba-Jobin Yvon spectrometers already.
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Nafion + 2% sulfated TiO2 M2
Nafion + 5% sulfated TiO2 M5
Nafion + 7% sulfated TiO2 M2
In particular, the LABRAM equipment was used for the measurements ex-
tended to high wavenumber region while the T64000 instrument (with 647.1
nm or 514.5 nm laser excitation lines) was employed to probe the spectral re-
gion below 200 cm−1 down to few wavenumbers far from the laser excitation
line. Independently of the spectrometer used to carry out the Raman mea-
surements, the spectra were obtained by focusing the laser beam onto a spot
of about 2 µm in size through the lens of a long-working distance 50X objec-
tive. The laser power at the samples surface was kept below 5 mW. Contrary
to the SnO2 sample, no optical filter was needed during the measurement.
The spectra were calibrated in wavenumber using the emission lines of an
Ar spectral lamp. As for SnO2 and Nafion + SnO2 samples, all the recorded
spectra were processed to remove artifacts due to cosmic rays and the lumi-
nescence background.
Spectra at controlled ambient relative humidities (RH) were collected at room
temperature and at 60 °C with the LABRAM HR instrument. At room tem-
perature, the sample storage and the measurement procedure were the same
already described in chapter 3. To store the samples at 60 °C at variable rel-
ative humidity condition, the sample and the desired saturated salt solution
were kept in close boxes, sealed with Teflon tape, into a water bath at 60 °C.
In this way an homogeneous temperature distribution was reached inside
the boxes. Due to the different temperature, other salt solutions were used
and different RH points were analysed with respect to the room temperature
measurements (see Table 4.4 for the summary of the RH values and salts em-
ployed). Conditioning time of at least 24 h were necessary to reach stable
condition. Moreover, a modification in the measuring chamber was neces-
sary. In fact, in the configuration adopted for the room temperature spectra,
a problem rose due to water condensation on the upper part of the cell (in
particular on the quartz glass), indicating a non homogeneous temperature
distribution inside the chamber. To avoid this problem and assure the same
temperature in the whole chamber an additional pillar of copper was added
at the centre of the cell to connect the bottom part of the chamber (directly in
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Table 4.4: Summary of saturated salt solutions used for the samples conditioning at
different RH at 60 °C. Relative humidity values were collected from [10, 11]







contact with a Peltier heater) to the sample and the quartz glass above. With
this modification, no more condensation was observed. All the modifications
are visible in Figure 4.2.
Figure 4.2: Home-made sample holder for Raman measurements at controlled rel-
ative humidity condition and 60 °C. The sample spectra was collected trough a thin
quartz glass that isolates the sample from the outer atmosphere. A column of copper
provided a correct heat distribution, ensuring that the sample temperature was the
same as the bottom part of the chamber, directly heated by a Peltier cell.
The same calibration procedure as described for Nafion + SnO2 samples
was used: the absolute position of the 731 cm−1 peak of Nafion was measured
with the 1800 lines/mm grating and the Ar lamp, then the effective Raman
spectra were collected with the 600 lines/mm grating and the peak were fit-
ted with Lorentzian curves to obtain their precise position in relation to the
731 cm−1 peak, used as an internal reference. Also for this set of samples
controls were done to be sure that no changes in the samples inner humidity
were caused by the laser beam during the Raman measurement.
4.3.2 Water uptake
The procedure used for the measurement of the membranes water uptake
at room temperature was the same as described in chapter 3 for the Nafion
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+ SnO2 samples. As regards the weighing at 60 °C, the samples condition-
ing was the same used for the Raman measurements, using the saturated
salt solutions enlisted in Table 4.4 and a water bath to ensure a uniform tem-
perature distribution. Samples were taken out from the conditioning box in
closed vials and rapidly measured. The conditioning time was at least 24 h,
as to carry out Raman measurements. The dry sample weight at 60 °C was
measured after a storage time of at least 4 hours in vacuum.
4.3.3 FT-IR spectroscopy
FT-IR spectra were obtained at room temperature using a JASCO spectrom-
eter mod. FT/IR-660 plus, as described in chapter 2. ATR configuration or
transmission technique were used, respectively in the spectral range between
4000 cm−1 and 900 cm−1 and between 4000 cm−1 and 500 cm−1. A Ge crystal
is mandatory for the ATR measurements due to the high refractive index of
the TiO2 powder, while KBr pellets were used to record the powders spec-
tra in transmission mode. All the IR spectra were recorded with a resolution
of 4 cm−1. Membranes spectra at 33 % RH, 11 % RH and in vacuum were
recorded in transmission mode with 64 acquisitions, putting the salt listed
in Chapter 3 (table 3.4) in the sample chamber to reach the proper humidity
conditions. At least 24 hours were necessary to reach stable conditions, while
the humidity value was monitored with an hygrometer. Samples were not
moved from their positions between the spectra in order to probe always the
same sample region. Reference spectra were recorded without the samples
at the same RH conditions to eliminate the water vapour contribution, and
proper baselines were subtracted from the spectra before the data analysis.
4.4 Results: S-TiO2 powder
4.4.1 Raman spectra
The Raman spectrum of the S-TiO2 powder carried out at the low wavenum-
ber region is shown in Figure 4.3a. From the spectral features it appears that
the sample consists of a predominant anatase phase plus a minor TiO2-B com-
ponent. All the anatase vibrational modes are present in the spectrum (the
peak at about 512 cm−1 is hidden by the more intense one peaked at 518
cm−1), although slightly shifted in wavenumbers with respect to the value
enlisted in the previous section, probably for the nanocrystalline character of
the powder. In addition to the anatase peaks, two TiO2-B modes are unequiv-
ocally observed in the powder spectrum, respectively at about 250 cm−1 and
365 cm−1 (Figure 4.3a, quoted in red). As for the others peaks of this phase,
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Figure 4.3: a) low wavenumbers Raman spectrum of S- TiO2, anatase peaks in blue,
TiO2-B peaks in red b) high wavenumbers Raman spectrum of S- TiO2, sulfate peaks
in purple.
they are probably hidden under the much stonger ones due to anatase. Figure
4.3b shows the S-TiO2 Raman spectrum recorded in the higher wavenumber
region, where the spectral features related to the sulphate functionalization
are expected. Here four peaks can be attributed to the sulfate vibrational
modes: the peak at about 1005 cm−1 is assigned to the normal mode ν1 of
the SO2−4 group, while the three other peaks (one at about 1045 cm
−1 and
two weaker at about 1135 and 1225 cm−1) are associated to the splitting of
the ν3 vibrational mode of the SO2−4 functionalization. Due to the really low
intensities of the last two listed peaks, a further verification with infrared
spectroscopy is needed in order to confirm the effective number of ν3 peaks,
that is directly correlated to the type of sulfate coordination.
4.4.2 Infrared spectra
The S-TiO2 infrared spectrum was recorded by means of both transmission
and ATR techniques. The KBr pellets for the transmission spectrum were
made with a sufficient quantity of powder to assure the clear observation of
the sulfate vibrational modes, even if in this way the titania modes were too
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intense to be seen. Figure 4.4a shows the infrared spectrum obtained in trans-
mission mode while in figure 4.4b the ATR one is presented. In both spectra it
is visible the ν1 vibrational mode at about 1000 cm−1 and the presence of three
ν3 modes at about 1045, 1136 and 1220 cm−1 is confirmed. The number and
position of these modes are in agreement with the Raman results, confirming
the ν3 splitting into three different peaks. This is caused by a lowering of the
SO2−4 anion symmetry due to a bidentate coordination at the titania surface.
The same coordination was already found in sulfate titania obtained via two
different two-step synthesis routes by Sakai et al. [12, 13]
Figure 4.4: a) S-TiO 2 FTIR spectrum collected in transmission mode, KBr pellet2
b) S-TiO2 FTIR spectrum collected in ATR mode, Ge crystal
4.4.3 Effect of an high relative humidity environment
on S-TiO2
To investigate the nanopowder interaction with water, in order to understand
the effect on S-TiO2 caused by the inclusion in a high humidity environment
like the Nafion membrane in a working fuel cell, the same powder sam-
ple measured with FTIR-ATR technique at standard ambient condition was
stored in a high relative humidity (RH) environment (close to 100% RH) for
at least 12 hours. ATR mode was choose for this study to avoid the use of the
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hygroscopic KBr powder and eventual artifacts. The FTIR spectrum recorded
after the exposure to moisture, in Figure 4.5, evidences remarkable changes of
the spectral features with regard to both their number and relative intensity.
In particular the disappearance of the mode at about 1224 cm−1 indicates a
different bonding of the SO2−4 groups to the titanium dioxide, with a change
from a bidentate coordination to a monodentate one (Table 4.5). This modi-
fication in sulfate coordination suggests an interaction mechanism of S-TiO2
with water molecules similar to the one proposed by Bolis et al. for sulfated
ZnO2 [14]. Similar changes on powders exposed to high relative humidity
Figure 4.5: a) S-TiO2 FTIR in ATR mode, Ge crystal, ambient humidity b) S-TiO2
FTIR in ATR mode, Ge crystal, 100 % relative humidity
were observed by Raman spectroscopy. This technique in addition reveals
the presence of an extra peak at 981 cm−1, attributed to the vibration of a
quasi-isolated SO2−4 ion [16], not detectable for symmetry reason by IR spec-
troscopy. S-TiO2 powders were also subjected to an hydrolysis treatment and
thermo gravimetric analysis were carried out before and after this procedure
to evaluate the loss of sulfate groups after the exposure to water, revealing
that a part of the functionalization remains also afterwards, but about the 60
% of the sulfate are lost. The appearance of the isolated SO2−4 peak in the Ra-
man spectrum is in accordance with this result: the lost sulfate are the ones
that show an isolated SO2−4 spectrum while the sulfate ions remaining on the
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Table 4.5: Sulfate ion modes splitting with different coordination, (Co(III) compos-
ites). From [15]
Symmetry ν1 frequency ν3 frequency








Figure 4.6: Raman spectra of S-TiO2 powder before (red) and after (black) the expo-
sure to a high relative humidity environment.
titania surface are the one displaying a monodentate coordination in high
humidity environment.
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4.5 Results: composite membranes
4.5.1 Raman spectra
As already experimented with Nafion + SnO2 samples, the membranes re-
activation treatment (immersion in boiling hydrogen peroxide, sulphuric ac-
id and water for about 30 minutes each step) was necessary to reduce the flu-
orescence signal of the as received membranes to acceptable values. The Ra-
man spectra of Nafion membranes (pure and with the three different amounts
of filler) collected in the wavenumber region above 380 cm−1 with the LABRAM
instrument are visible in Figure 4.7. A spatial inhomogeneity in the S-TiO2
distribution over the scale of 10 µm was observed for all the nanocomposite
samples and the spectra reported here should be considered as the represen-
tative for each sample.
Figure 4.7: Raman spectra of M0 (black), M2 (blue), M5 (red) and M7 (green)
samples, collected with the LABRAM instrument
All the spectra showed the characteristic bands of Nafion at about 385
cm−1, 570 cm−1, 731 cm−1, 804 cm−1, 971 cm−1, 1059 cm−1, 1212 cm−1, 1295
cm−1 and 1375 cm−1 (see Table 3.2 and ref. [17] for the peaks attribution).
No significant change of the Nafion peaks position was observed in com-
94
Figure 4.8: Particular of Figure 4.7 in the range 950 - 1090 cm−1.
posite membranes with respect to pure one. Likewise, the peaks of TiO2
anatase component within the composite membranes spectra occur at the
same wavenumbers as in the S-TiO2 powder. Moreover, a weak peak at about
1000 cm−1 is clearly detected in the composite membranes heavily loaded by
S-TiO2 (i.e. with 5% and 7% w/w, see Figure 4.8), confirming the persistence
of sulphate groups also after the powder incorporation. Looking at the spec-
tra collected in the low wavenumber region with the T64000 instrument (in
Figure 4.9) is possible to observe the occurrence of an important phase rear-
rangement of the TiO2 component incorporated into the Nafion membrane.
In fact, comparing the vibrational features of the composite membranes with
the bare powder ones in Figure 4.3 a relevant decrease of the TiO2-B phase
can be inferred.
4.5.1.1 Filler distribution
Optical microscopy images revealed a non-homogeneous surface in the com-
posite membranes. This inhomogeneity, on the micrometric scale, was not
observed in pure Nafion and neither in the previously studied SnO2-added
membranes.
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Figure 4.9: Raman spectra of M7 sample and S-TiO2 powder in the low wavenum-
bers region. The stars indicate the Nafion’s peaks, the arrows indicate the TiO2-B
peaks.
Raman micro-spectroscopy was used to study the possible correlation be-
tween the non-homogeneous morphology and the filler distribution: in fact
the possibility to collect vibrational spectra from different micro-region of the
membranes surface can be exploited to test the S-TiO2 distribution. The re-
sults confirmed that the filler amount inside the Nafion membranes was not
uniform, independently on the nominally incorporated titania amount, caus-
ing morphologically unlike regions inside the polymer matrix. To perform
this study, Raman spectra were carried out from points with different mor-
phology, moving step-by-step along straight line on the surface of the three
composite samples. The optical microscopy images of the three samples sur-
faces are respectively in the top panel of Figure 4.10, Figure 4.11 and Figure
4.12. The Raman spectra, displayed in the three middle panels, were collected
from the regions serially numbered in the top panels. To quantify the filler
amount in each of the measured point a fitting procedure with Lorentzian
curves was performed in order to estimate the weight of each spectral com-
ponent. In particular, the intensity (I) ratios between the membrane peak at
about 731 cm−1 and two of the S-TiO2 peaks (at about 639 cm−1 and 518 cm−1)
were determined. The motivation for the use of two S-TiO2 peaks, and not
only one, was to obtain two independent checks of the fitting validity. This
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Figure 4.10: Measured points on the M2 sample surface as seen with optical mi-
croscopy (upper panel),the correspondent Raman spectra (middle panel) and the
peaks area ratio (lower panel).
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Figure 4.11: Measured points on the M5 sample surface as seen with optical mi-
croscopy (upper panel),the correspondent Raman spectra (middle panel) and the
peaks area ratio (lower panel).
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Figure 4.12: Measured points on the M7 sample surface as seen with optical mi-
croscopy (upper panel),the correspondent Raman spectra (middle panel) and the
peaks area ratio (lower panel).
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double check is important considering the difficulties in the subtraction of a
proper baseline from the spectra, due to the presence of a high fluorescence
background not clearly determinable. A relative error of about 10% on the
intensities ratio was estimated to take in account also the error in the peaks
intensities deriving from a not perfect baseline subtraction. Even considering
these errors, the results of this study (displayed in Figure 4.10, Figure 4.11
and Figure 4.12) revealed an undoubted correspondence between the mor-
phology characteristics of the composite membranes and their S-TiO2 con-
tent, with the confirmation of the analysis validity by the observation of the
same behaviour in both the intensity ratios I(639)/I(731) and I(518)/I(731).
In particular, the two samples with higher filler content (5% and 7%) showed
brighter circular zones that turned out to be richer in S-TiO2, while the sur-
rounding areas have a lower filler amount. In contrast, the membrane loaded
with 2% of filler have filler dense regions that look darker, probably for a
different image contrast. A very interesting outcome of this study is the ob-
servation that in the case of the M2 sample a part of the membrane is almost
filler free, while for higher S-TiO2 percentage the filler is present over all the
membrane surface, even if not homogeneously distributed. The existence of
’island’ of filler separated by pure Nafion zones is an obstacle to the creation
of proton percolation paths, that relies on a continuous filler presence in the
whole membrane, and can have a negative affect on the membrane protons
conduction, especially if the proton percolation is the main conduction mech-
anism.
4.5.1.2 Raman spectra at different ambient relative humidity
Raman spectra at different relative humidity conditions were collected for a
better understanding of the effect of the filler inclusion on the membrane at a
microscopic level, with particular attention at the membranes inner environ-
ment at different ambient conditions. The RH values explored at room tem-
perature were the same used for the N-110 and N-F110S samples, enlisted in
Table 4.4. In addition, in order to analyse the membrane inner environment
at a temperature closer to the real fuel cell working condition, a study at 60
°C was performed, at the RH value listed in Table 4.4. For both temperatures,
at least three different sample points were measured for each RH value. 100
% relative humidity condition was not explored at 60 °C because even the
really short time requested to move the sample from the conditioning box to
the measuring chamber caused water condensation on the sample surface,
with a change in the measuring condition (Nafion water content in saturated
vapour condition and with immersion in water are not the same, [18]). To
be sure that all the spectral changes observed for a sample were imputable
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only to the change in humidity conditions, and not to a different local filler
content (due to the membranes non-homogeneous S-TiO2 distribution), the
TiO2 peaks intensity, relative to the Nafion peaks intensity, was monitored to
assure a similar filler value for each sample point.
To obtain an accurate estimation of the peaks position, all the peaks presented
in the spectra were fitted with Lorentzian curves and the calibration proce-
dure already described in the experimental section was applied. In contrast
to the analysis procedure carried out for Nafion + SnO2 samples, a prior sub-
traction of the powder contribution from the composite membrane spectra
did not turn out as an improvement for the subsequent fitting. In this case
in fact a problematic baseline subtraction, joined to the changes observed in
the powder phase after the inclusion in membrane and the high intensities
of the titania peaks, caused errors in the powder spectrum subtraction too
big to assure a reliable procedure, being reflected in a great divergence in
the fitted parameters (in particular of the peak intensities) following small
changes in the adopted baseline or estimated titania contribution. Anyhow,
with or without the powder subtraction, the errors on the fitted intensities
were greater that the actual changes observed caused by the different humid-
ity condition. Due to this, the analysis was limited to the peaks positions, that
were almost independent on the baseline or initial fitting parameters chosen.
As expected (since already observed for the SnO2-added Nafion), the main
difference recorded by changing RH conditions was the energy position of
the peak attributed to the SO−3 vibration (whose trend for the four analysed
samples is visible in Figure 4.13). Again, the shift for pure Nafion was in
good agreement with the behavior reported in literature [19]. On the con-
trary, the behavior of the nanocomposite membranes, in particular M5 and
M7 samples, was very different from that of pure Nafion, and a deviation
in the peak position was observed at both low and high relative humidities.
As already explained in chapter 3, the SO−3 peak energy directly depends on
the S-O dipole electrostatic interaction with the H+ counterions, and thus a
deviation in the peak energy at equal RH means a difference in the SO−3 per-
turbation.
It is shown in Figure 4.13 that in a low humidity environment the samples
with 5% and 7% of filler have a lower vibration energy compared to pure
Nafion. Two possible situations can explain this behaviour: a higher quan-
tity of water near the sulfonic groups compared to the pure Nafion values,
that result in a greater shielding from the H+ ions, or an interaction with the
filler resulting in a lower net charge perceived by the SO−3 groups (for exam-
ple, H+ ions can interact with the filler and less perturb the sulfonic group
vibration). Raman spectroscopy does not provide clear evidences to support
one theory or the other but, as explained in the next section, infrared spec-
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Figure 4.13: SO−3 peak positions vs ambient relative humidity at 25 degree for pure
Nafion (black), M2 (blue), M5 (red) and M7 (green).
troscopy can shed light on the situation.
At high relative humidities, on the other hand, composite samples show a
higher vibrational energy compared to pure Nafion, with a behaviour similar
to the one already observed for Nafion + SnO2 samples. In this case, however,
the vibrational energy for M5 and M7 samples did not completely return to
values equal to pure Nafion at 100 % RH.
This trend can be explained in terms of an interaction effect between filler
and membrane that increases the net charge experienced by the sulfonate
ions (note that this interaction has to be opposite in effect to the one postu-
lated for the low RH range) or with a lower water content (local or total) in
the composite membranes. Analysis performed with DSC on the temperature
and entalpy of the endothermic transition centered for pure Nafion at 145 °C,
attributed to an order-disorder transition of ionic cluster caused by the loss
of water, confirmed the presence of a lower amount of water in contact with
the sulfonate ions with increasing filler quantity at high RH.
Interesting results were obtained from the measurements carried out at
60 °C. At low RH the vibrational energy of sulfonate ions in pure Nafion
greatly increased with respect to room temperature values, as observed in
literature [19], while M2, M5 and M7 energies are much closer to the room
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Figure 4.14: SO−3 peak positions vs ambient relative humidity at 60 degree
for pure Nafion (black), M2 (blue), M5 (red) and M7 (green).
temperature values. Due to this the energy differences of the SO−3 ions peak
observed between the composite membranes and pure Nafion at 60 °C are
much greater, going from a 1 cm−1 difference at room temperature to more
than 5 cm−1 at 60 °C in a 11 % RH environment. On the other hand, at high
RH the energy differences with respect to pure Nafion were almost null for
samples M2 and M5, while they remained almost the at the same value as
at room temperature for M7 sample. Furthermore, no appreciable difference
was detected at low humidity between the 5 % and the 7% samples at both
room temperature and 60 °C. This is in accordance with the hypothesis, based
on results obtained from DTGA and AFM analysis, that at the highest filler
inclusion a part of the powder is included into the Nafion hydrophobic zones,
thus not interacting with the polymer side chains.
4.5.2 Water uptake
The samples water uptake trend showed a BET type isotherm, typical of a
multilayered water adsorption mechanism, with tightly bound water in the
initial stage of hydration followed by loosely bound water in the latter stage,
as already reported for pure Nafion in literature [20, 21, 22]. Even if all the
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Figure 4.15: Water uptake vs ambient relative humidity at 25 °C for pure
Nafion (black), M2 (blue), M5 (red) and M7 (green).
membranes present a similar behaviour, some difference can still be noted. At
room temperature M0 and M2 had indistinguishable trend, thus suggesting
that a concentration of 2 % w/w of filler is not enough to highlight any diver-
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gence in water uptake capacity. 5 %-added sample is the one that achieved
the highest hydration at high RH values, showing the effect of the hygro-
scopic properties of the filler. To better appreciate the differences at 100 %
relative humidity a separate panel has been added to the Figure 4.15. Sur-
prisingly, a further addition of filler, like in the M7 sample, caused a decrease
in the membrane hydration capability. Again, like in Nafion + SnO2 samples,
no evidence was found in the water uptake behaviour of the different trend
observed with Raman spectroscopy at high RH in the composite membranes
with respect to pure Nafion. This mean that the lower water content at high
RH suggested by Raman and DSC measurements is not a characteristic of
the whole membrane, but it is located only in the proximity of the sulfonate
ions. Due to this, it is possible to conclude that at high humidity the filler is
in competition with the membrane for the hydration, as already observed for
Nafion + SnO2 samples.
As for the low RH region, no substantial divergences were observed between
the samples, thus the hypothesis that the differences in vibrational energy
observed with Raman were due to an overall higher water content is ruled
out. However, the hypothesis of an interaction effect or a local higher water
content are still valid.
A different situation occurs at 60 °C: all the uptake values measured were
lower than at 25 °C in line with literature [23], but this time is the M2 sam-
ple that showed the higher water uptakeat high RH, while M5 and M7 val-
ues were similar to the M0 sample. According to this is possible to say
that the dissimilarity observed at high RH between M5 and M7 samples are
not caused by different overall water contents. However, other analysis are
needed in order to explain the Raman and water uptake data, like measure-
ments at an intermediate temperature (i.e. 40 °C) to confirm the observed
trends.
4.5.3 Infrared spectra
The FT-IR ATR spectra of pure and composite Nafion is characterized by five
main peaks (Figure 4.17), all related to Nafion membrane, at about 965, 983,
1060, 1153 and 1212 cm−1, respectively, in accordance with the literature val-
ues [17]. A small, but systematic spectral difference was observed for all the
loaded samples at about 1220 cm−1. The spectra were collected after drying
each sample in vacuum for 30 minutes to be sure that the observed spectral
variation were not due to a different hydration between the samples. Hav-
ing excluded this, the origin of the observed variation might be related either
to a rearrangement of the Nafion structure due to the powder incorporation
(causing a change in the membrane vibrational properties), or to the S-TiO2
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Figure 4.16: Water uptake vs ambient relative humidity at 60 °C for pure Nafion
(black), M2 (blue), M5 (red) and M7 (green).
sulfate peak at around 1224 cm−1. In the latter case, however, at least an
additional peak near 1136 cm−1 would be also expected in the composite
membrane, due to the highest of the sulfate peaks observed in S-TiO2 pow-
der spectrum (see Figure 4.5). This is not the case, and the spectral change
is likewise due to a modification in the Nafion local structure, suggesting an
interaction between the filler and the host polymeric network.
As described out in the previous sections, difference in the SO−3 vibra-
tional energies at low relative humidity were observed with Raman spec-
troscopy for the composite membrane, but no clear evidences were found
that could explain the reasons. FT-IR spectroscopy has proven to be an help-
ful technique to resolve this problem, since it give the possibility to directly
study the water bands associated with the bending of the water molecules
inside the membranes. Notwithstanding the great disagreement on bands
deconvolution and attribution found in literature in the pure Nafion case,
usually three main bands are reported in the water bending region (between
1500 and 2000 cm−1): one at about 1630 cm−1, due to almost free water
molecules, and two at higher wavenumbers, due to water associated with
protons [24, 25, 26], that together form an asymmetric bands usually peaked
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Figure 4.17: FT-IR ATR spectra of M0 (black), M2(blue), M5 (red) and M7 (green)
samples.
at about 1740 cm−1. Kunimatsu et al. [24] recorded (with ATR technique) the
Nafion IR spectra during hydration and dehydration cycles, showing that,
after the subtraction of the membrane spectrum in dry condition, the asym-
metric band at 1740 cm−1 can be deconvoluted in two sub-bands centred at
about 1730 and 1840 cm−1, with peaks positions dependent on the membrane
hydration. Moreover, the researchers found a linear relationship between the
total area of the composite band at 1740 cm−1 and the SO−3 vibrational en-
ergy, at least at low relative humidities. The explanation of this finding was
that the dissociation of the SO−3 - H
+ groups, while causing the shift of the
SO−3 vibrational frequency, also cause an increase of the number of hydrated
protons, and thus the increase of the 1740 cm−1 band area.
A similar analysis was performed also during this thesis work. First of all, the
spectrum of the pure filler, detected with diffuse reflectance technique, was
recorded at different environmental humidities, with particular attention to
the water bending region. In this way it was possible to study the vibrational
bands due solely to the water molecules interacting with the filler. The re-
sulting spectra, at 11 7% RH and 33% RH, are visible in figure 4.18. As can
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be seen, two different Gaussian bands can fit the spectra: one at around 1640
cm−1m and the second at around 1700 cm−1. No other water bands appear in
this region, and thus no bands caused by the filler presence are expected in
the composite membrane far from 1640 and 1700 cm−1. This means that, rea-
sonably, the interesting zone corresponding to the 1740 cm−1 Nafion compos-
ite peak is not overlapped by filler contributions in the composite membrane.
Figure 4.18: FT-IR spectra collected with diffuse reflectance technique of S-TiO2
powder at 11 % and 33 % relative humidity. Inset: fitting with Gaussian curves.
As regards the membranes spectra, unfortunately it was possible to mea-
sure only two of the four samples: the pure Nafion (M0) and the heaviest
loaded sample (M7). In fact the membranes spectra collected with ATR tech-
nique resulted in a absorbance signal too low to allow a proper data analysis
of the water bands, and only these two sample, slightly thinner that the oth-
ers, could be measured in transmission mode avoiding the detector satura-
tion. However, the higher absorbance value due to the selected measurement
technique did not allow the simultaneusly study of the SO−3 vibrational peak,
to compare infrared and Raman results. The infrared spectra were collected at
108
Figure 4.19: FT-IR spectra collected in transmission mode of M0 sample at 11 %
(pink) and 33 % (red) relative humidities, and M7 at 11 % (blue) and 33 % (light
blue) relative humidity, after the vacuum spectrum subtraction.
Figure 4.20: Gaussian fitting of M0 (right) and M7 (left) spectra at 11% RH.
33 % RH, 11 % RH and under vacuum (used as reference). The water vapour
peaks, usually present in the water bending range, have been subtracted by
taking reference spectra at the same relative humidity conditions without the
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Table 4.6: Gaussian fItting results
M0 11 % RH
1740 cm−1 total area 49,5
1630 cm−1 area 1,7
M0 33 % RH
1740 cm−1 total area 58
1630 cm−1 area 7,5
area variation 1740 cm−1 17 %
M7 11 % RH
1740 cm−1 total area 59
1630 cm−1 area 3,3
1660 cm−1 area 1,3
M7 33 % RH
1740 cm−1 total area 69
1630 cm−1 area 11
1660 cm−1 area 3,8
area variation at 1740 cm−1 17 %
samples. The results, after the subtraction of the vacuum background, are
visible in Figure 4.19, in the wavenumber range 1500-2020 cm−1. A fitting
procedure was then performed in order to separate the different bands contri-
butions and analyse the changes in the bands area. Three different Gaussian
water bands were supposed to exist in the pure Nafion case, with starting po-
sitions (before the optimization procedure) at 1630, 1730 and 1840 cm−1. The
full width half maximum (fwhm) of the bands obtained in the pure Nafion
case at 33% RH were keep fixed for all the other fittings. In the M7 case, an
additional Gaussian band has to be added caused by the filler presence, and
from the fitting procedure its centre resulted at about 1660 cm−1, with a sig-
nificant shift from the pure filler case. The second band due to the water-filler
interaction, found at 1640 cm−1 in the pure filler, was considered included in
the main band at 1630 cm−1 and not added. The comparison of the experi-
mental results and the fitted curves at 11% RH are depicted in Figure 4.20.
In Table 4.6 the fitting final values are shown. Particularly interesting are the
results of the total area of the composite band at 1740 cm−1: changing the en-
vironmental humidity from 11 % to 33 %, the same trend is observed for M0
and M7 samples, with an area variation around 17 %. Instead, with Raman
spectroscopy, a variation in the SO−3 vibrational energy of about 1 cm
−1 was
recorded for the pure Nafion, while for the M7 sample the measured varia-
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tion was the half. If the observed changes were caused by a different trend
in SO−3 hydration between the two sample, meaning a different number of
dissociated proton, also the 1740 cm−1 total area variation was expected to
be the half for the M7 sample. This is not the case, and is possible to con-
clude that the SO−3 different vibrational energies are probably due to a filler
- Nafion interaction, that causes a lower perturbing net-charge. The pres-
ence of an interaction between filler and polymer is usually beneficial for
the membrane conduction because additional hopping paths involving both
Nafion and filler acidic sites are created, fundamental for the proton conduc-
tion especially at critical conditions, i. e. low RH and high temperatures.
This beneficial effect was confirmed by the M5 and M0 resistivity values in
situ: at low humidity environment (30 % RH) M5 sample showed a better
proton conduction, with a bigger difference from the M0 values for higher
temperature.
4.6 Conclusion
Raman spectroscopy measurements carried out on S-TiO2 samples revealed
the presence of two titania polymorphs: a prevalent anatase phase and a
TiO2-B phase. The sulfate functionalization was confirmed by the results of
both Raman and infrared measurements, and a sulfate bidentate coordina-
tion was revealed. After the exposure to a high relative humidity environ-
ment, however, a change in the powder vibrational spectrum was detected,
caused by a partial detachment of the sulfate ions from the oxide surface and
the modification of the coordination of the remaining sulfate from bidentate
to monodentate.
The filler inclusion in the composite membranes was confirmed, even if an
inhomogeneous filler distribution was found. This inhomogeneity was com-
mon to all the different filler percentage explored (2, 5 and 7%), but while in
M5 and M7 samples the filler was still present in all the membrane surface,
for the M2 sample filler free zones were detected, that could interrupt possi-
ble protons percolation paths. Due to this a lower membrane conduction is
expected for the M2 sample, if the percolation is the main membrane conduc-
tion mechanism.
Differently from the Nafion + SnO2 samples, the sulfate groups of the filler
remained also after the inclusion in membrane (or at least a part of them), as
revealed by a peak at around 1000 cm−1 in the Raman spectrum for the highly
doped membranes. Moreover, a lowering of the TiO2-B phase amount was
observed after the filler inclusion. With Infrared spectroscopy a difference in
the composite membranes spectra with respect to the pure Nafion was de-
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tected and attributed to a modification in the Nafion local structure, caused
by a polymer - filler interaction. A detailed Raman analysis carried out at
room temperature and different relative humidities with particular attention
on the SO−3 peak position revealed differences in the M5 and M7 inner envi-
ronment at both high and low relative humidity with respect to pure Nafion.
For the high RH range, the Raman measurements, together with DSC and
water uptake, confirmed also in this case, as for Nafion + SnO2, there is a
competition between filler and membrane for the hydration. Again, the ef-
fect of the filler inclusion was not the expected one, and the higher water con-
tent in the filler proximity are counterbalanced by a lower hydration near the
sulfonic groups. As for the lower humidities range, subsequent FT-IR mea-
surements on the M0 and M7 samples revealed that the origin of the different
SO−3 vibrational energy is probably due to a filler - membrane interaction,
that results in a lower net charge perceived by the sulfonate ions. The same
Raman analysis was repeated also at 60 °C, to explore a temperature closer
to the real fuel cell working conditions. At low relative humidities the differ-
ence between pure Nafion and composite membranes were in this case much
greater, while at high RH the SO−3 peak energy values were similar to the
pure Nafion one for M2 and M5 samples and still higher for the M7 sample.
Looking at the water uptake in high RH condition was possible to conclude
that is not a higher overall water content the reason of the M5 diversity from
the M7 sample: both M5 and M7 showed the same water uptake values, but
different Raman behaviour. Further analysis are necessary, also at an inter-
mediate temperature, for a better understanding of these differences.
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Chapter 5
Composite SPEEK with TiO2
and TiO2SO3H as filler
5.1 SPEEK vibrational properties
In order to analyse the SPEEK vibrational features, a good starting point is
the study of the un-solfonated polymer PEEK. A large number of authors
have studied this polymer with IR spectroscopy, and an important study of
Chalmers et al. [1] assessed that the relative intensity of some bands is de-
pendent on the sample degree of crystallinity, checked by wide angle X-ray
diffraction. In particular, the absorbance ratios between the peaks at 1305
and the one at 1280 cm −1 and between the peaks at 970 and 952 cm −1 are
strongly correlated with the sample crystallinity, with a decrease in both ra-
tios in more amorphous samples.
The Raman analysis of PEEK was strongly limited due to persistent fluores-
cence. Despite of this, samples of PEEK were studied by Louden [2] with
standard Raman spectroscopy, confirming that also with this technique a dif-
ferent crystallinity of the samples is related with spectral changes. Moreover,
FT-Raman has proved to be a good alternative for the analysis of PEEK vibra-
tional features, due to the lower energy of the incident laser that causes less
sample fluorescence.
After the sulphonation process, PEEK polymer became S-PEEK, and new vi-
brational peaks confirm the change. In IR, new absorption bands appeared
upon sulfonation at about 1080 cm−1, (corresponding to the O-S-O sulphurox-
ygen symmetric vibration), about 1020 cm−1 and about 1255 cm−1 [3], with
increasing intensities with respect to the backbone carbonyl band at 1651
cm−1 as the degree of sulfonation increase. Moreover, the aromatic C-C band
visible in IR at 1489 cm−1 for PEEK is split due to new ring substitution upon
sulfonation [4]. With Raman, only a new peak at about 1025 cm−1 is clearly
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visible after the sulfonation. A list of the more intense peak visible for SPEEK
polymer in IR and Raman is shown in Table 5.1.
Recently the correspondence between the 1305 and 1280 cm −1 peak ratio
and the polymer crystallinity was confirmed also for the SPEEK polymer,
pure and doped with silica, extending this type of FT-IR analysis also to the
sulfonated polymer [5].
Table 5.1: Assignments of the Raman and IR peaks of SPEEK (800 - 1700 cm−1),
from [6, 3, 7] (only the strongest peaks have been reported)
Raman (cm−1) IR (cm−1) Assignment
812 v C-H















Nanometric TiO2 was synthesized via sol-gel reaction from titanium (IV) iso-
propoxide calcinated at 450 °C [8]. The synthesis of TiO2-RSO3H was carried
out following a two-steps synthetic pathway: as first the hydroxyl groups on
TiO2 surface were silylated with MPTMS, obtaining mercaptopropyl - func-
tionalized titania (TiO2-RSO3H) and then the thiol groups were oxidated into
sulfonic acid groups to obtain propylsulfonic - functionalized titania (TiO2-
RSO3H) [9]
For the SPEEK synthesis, PEEK powder (20 g, 69 meq) was dissolved in
H2SO4 96% (1 L) and stirred at 25 °C for hours. The solution was poured in
a large excess of ice-cold water under continuous stirring, obtaining a white
precipitate. After standing overnight, the precipitate was filtered and washed
several times with cold water to neutral pH. The obtained SPEEK polymer
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was then dried at 80 °C overnight [10]. Composite membranes with 10 wt.%
TiO2 or TiO2-RSO3H content were prepared by a solution casting procedure,
in which the SPEEK polymer (250 mg) was dissolved in Dimethilacetamide
(DMAc, 20 mL) at 80 °C. The filler (TiO2 or TiO2-RSO3H) was dispersed in
DMAc and the resulting mixture was kept under stirring for 4 h at 80 °C, then
added to the SPEEK solution. The mixture was heated to 80 °C under stirring
until a volume reduction to 5 mL was observed, then cast onto a Petri plate
and heated to 80 °C overnight. Pure SPEEK membranes were also prepared
and used as references. As for Nafion membranes, before any characteriza-
tion all the membranes were treated with an activation procedure: firstly they
were immersed in a 0.5 M H2SO4 solution at 80 °C for 1 h to remove the re-
maining casting solvent and then in distilled water at 80 °C to remove the
residual sulphuric acid.
5.3 Experimental methods
Micro-Raman spectra at standard ambient conditions were carried out in
backscattering geometry by means of a single monocromator micro-sampling
set-up (Horiba-Jobin Yvon, model LabRam HR), or a triple axis monocroma-
tor setup (Horiba-Jobin Yvon T64000), both described in chapter 2. All the
spectra collected with the T64000 instrument were obtained with the 514.5
nm laser line. In contrast to the composite-Nafion cases, the re-activation
treatment did not reduced the SPEEK sample fluorescence. Due to this, be-
fore the membrane measurements, a preliminary irradiation time of about
two hours was necessary to partially quench the fluorescence and obtain Ra-
man spectra with a good signal to noise ratio. The remaining luminescence
background however limited the measurement range to not less than about
400 cm−1.
FT-IR spectra were obtained at room temperature in ATR configuration for
the membranes and in transmission mode (KBr pellet) for the powders, using
a JASCO spectrometer mod. FT/IR-660 plus, described in chapter 2. For the
ATR measurement, the high refractive index of the samples allowed only the
use of Ge crystal. All the membranes were measured in fully hydrated con-
dition after the immersion in liquid water. In this way, a better adhesion was
reached between membranes and Ge crystal, causing a higher absorbance
signal. The IR spectra were recorded with a resolution of 4 cm−1, using a
polystyrene film as a reference.
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5.4 Results: TiO2 and TiO2RSO3H powders
The analysed powders were the nominally pure nano-titania and the propy-
lsulfonic - functionalized nano-titania. As described in chapter 1, the main
reasons of this titania functionalization are the increasing of the total num-
ber of sulfonic groups in the membrane, without the usual swelling prob-
lem of highly sulfonated SPEEK, and a more uniform filler dispersion due to
the presence of both hydrophobic aliphatic chains and terminal hydrophilic
groups.
The vibrational properties of the main polymorphs of titanium dioxide have
already been discussed in chapter 4, both for Raman and IR spectroscopy.
With Raman spectroscopy, the analysis of titania and sulfonated titania nanopow-
ders revealed that only the anatase phase was present, with no peaks at-
tributable to other titanium dioxide isomorphs, and in particular no peak
related to a TiO2-B phase (Figure 5.4 for the low wavenumber spectrum).
Figure 5.1: Raman spectra of the pure TiO2 (a) and the TiO2SOH3 (b) nanopowders,
collected with the T64000 instrument.
Moreover, with the LABRAM instrument, a peak at about 1045 cm−1, due to
the symmetric vibration of the sulfonic group, and two peaks at around 2890
and 2935 cm−1, due to the CH2 stretching, were detected in the functional-
ized powder, confirming the effectiveness of the functionalization procedure.
The symmetric vibrational peak of the sulfonic acid group is visible also with
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Figure 5.2: Raman spectra of pure TiO2 (a) and TiO2SOH3 (b) nanopowders, col-
lected with the LABRAM instrument.
FT-IR spectroscopy at about 1044 cm−1, together with another at 1140 cm−1,
also caused by the sulfonic acid vibrations. The band observed at around
1600 cm−1 with IR spectroscopy is due to the bending movement of the wa-
ter molecules inside the powder pellet, but due to the simultaneous presence
in the pellet of the highly hygroscopic KBr no informations can be obtained
on the nanopowder-water interaction. The same argument is valid for the
broad band peaked at 3500 cm−1: this is formed by the convolution of the
water stretching bands (water present both in the filler and in KBr) and of the
OH stretching band of the sulfonic group, resulting in a number of sub bands
absolutely too high for a detailed analysis.
5.5 Results: composite membranes
The Raman spectra of the SPEEK membranes, both pure and composite, were
extremely difficult to record due to the persistent fluorescence. Despite of
this, all the three different samples (pure SPEEK and composite SPEEK with
TiO2 and with TiO2RSO3H) were finally measured, and their spectra are shown
in Figure 5.4. All the spectra presented the characteristic peaks of the SPEEK
polymer: the peaks observed at about 557, 812, 1013, 1150, 1206, 1284, 1305,
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Figure 5.3: Infrared spectra of TiO2 (a) and TiO2SOH3 (b) nanopowders .
1415, 1598, 1609 and 1648 cm−1 are due to the PEEK backbone vibrations
and the one occurring at at 1026 cm−1 is due to the SPEEK sulfonic group vi-
bration. In both the composite membranes, two anatase peaks are detected,
at 518 and 639 cm−1, confirming the powder inclusion, but no peaks due
to the sulfonic groups were visible in the sample with TiO2RSO3H. This re-
sult is not surprising: comparing the anatase and the functionalization peaks
intensities in the pure powder spectrum (Figure 5.4) a great difference was
observed, and the intensity of the anatase peaks in the composite membranes
spectra lead to the conclusion that the sulfonic peaks are too low to be seen.
Also the CH2 vibrational peaks at around 2900 cm−1 were not seen (spec-
tral region not shown) for the same reason. Apparently a difference in the
titania peaks intensity, relatively to the SPEEK ones, is observed between the
two composite membranes, but repeated measurements in different samples
zones confirmed that this is only due to a disomogeneity in the filler distri-
bution, and not to an higher filler content in the SPEEK + pure TiO2 sample.
Unfortunately, the long exposure time of the sample to the laser needed to
partially quench the fluorescence turned out to change the measurement pa-
rameters, thus preventing measurements under defined conditions, like the
Raman study at different relative humidity. The FT-IR spectra of the mem-
branes were obtained with ATR techniques, because the samples thickness
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Figure 5.4: Raman spectra of pure SPEEK (lower panel), SPEEK + TiO2 (middle
panel) and SPEEK + TiO2SOH3 (upper panel), collected with LABRAM instru-
ment. In blue the titania peaks.
were too high for transmission measurements. All the expected SPEEK peak
were detected, the ones due to the PEEK backbone (at 1013, 1225, 1308, 1415,
1597, 1646 cm−1) and the ones that are caused by the polymer sulfonation (at
1024, 1082 and the splitting at 1471 and 1491 cm−1). Due to the used tech-
nique, the titania peaks were out of the measurement range, and thus not
visible. Also in the IR case, no peaks attributable to the sulfonic groups were
seen, but again, this result is not surprising due to their low intensities in
the pure powder spectrum (Figure 5.4). An analysis on the membrane crys-
tallinity was performed comparing the intensities of the peak at 1305 cm−1
and at 1280 cm−1: as is visible in Figure 5.6, no difference in the peaks inten-
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Figure 5.5: Infrared spectra of pure SPEEK (lower panel), SPEEK + TiO2 (middle
panel) and SPEEK + TiO2SOH3 (upper panel), collected with LABRAM instru-
ment. In red the peaks due to the PEEK sulfonation.
sities ratio was detectable between the three sample. Moreover, the peak ratio
obtained for the pure SPEEK sample revealed that the polymer is prevalently
amorphous.
5.6 Conclusion
Pure and propylsulfonic - functionalized nano-titania has been analysed with
Raman and Infrared spectroscopy, and the presence of the single anatase
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Figure 5.6: The two Chalmer’s peak (1280 and 1305 cm−1) for the pure SPEEK
(black), SPEEK + TiO2 (blue) and SPEEK + TiO2SOH3 (red)
phase was assessed for both samples. Moreover, the effective functionaliza-
tion was confirmed with both techniques by the presence of peaks due to
sulfonic group vibrations and CH2 vibrations. As for the SPEEK membrane,
all the samples (pure and composite) showed the expected peaks, confirm-
ing the PEEK sulfonation. Furthermore, both composite membranes spectra
showed the presence of titania. No peak attributable to the titania function-
alization was detected, most probably because of the low intensity. A study
made with FT-IR spectroscopy on polymer crystallinity revealed that the pure
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Different kinds of composite proton exchange membranes, and their relative
nano-fillers, have been studied in the present thesis work with Raman and
Infrared spectroscopies: SnO2 with and without sulfate functionalization in-
cluded in Nafion, sulfated TiO2 included in Nafion at 2, 5 and 7 weight per-
centage and pure and propyl sulfonate TiO2 included in SPEEK.
For all the used fillers, the materials phases and the eventual functionaliza-
tions were analysed. As regards the tin oxide powders (F110 and F110S), a
mixture of SnO2 and SnO was found, and the sulfate functionalization of the
F110S sample was confirmed, with a monodentate coordination of the sulfate
groups to the oxide surface. As for the titanium oxide samples, two differ-
ent kinds of synthesis and functionalization have been explored: a one-step
synthesis and sulfate functionalization for the filler to be included in Nafion
membranes (S-TiO2), and a two step synthesis with a propyl sulfonation for
the titania inclusion in SPEEK membranes. Different results were obtained
for the two fillers: a prevalent anatase phase with a TiO2-B component were
found in the first filler, an almost pure anatase phase in the second one. How-
ever, the functionalizations of both fillers were confirmed and a bidentate
sulfate coordination was found in the S-TiO2 sample. Moreover, for this last
filler, a dependence of the sulfate - titania bond on the environmental hu-
midity was recorded, with a partial detachment of the sulfate ions from the
oxide surface and a change from bidentate to monodentate coordination of
the remaining ones at high relative humidities. However, the persistence of
at least a part of the sulfate groups on the powder surface was confirmed, in
accordance with TGA results on S-TiO2 samples subjected to hydrolysis.
As for the composite membranes, all the different PEMs studied presented
a high fluorescence signal, but after a regeneration process the composite
Nafion samples showed a decreased fluorescence and a good Raman signal
to noise ratio. For the SPEEK samples, however, no improvements were ob-
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tained with the process, and a long permanence under the laser was neces-
sary before each Raman measurement to partially quench the fluorescence
signal and obtain a discrete signal to noise ratio. In this case, unfortunately,
the long exposure time of the sample to the laser turned out to change the
measurement parameters, thus preventing Raman analysis at defined condi-
tions.
For all the composite membranes the effective filler inclusion was confirmed,
and the S-TiO2 composite membranes showed a trend in the filler peaks in-
tensities in accordance with the different amount of nano-powder included
(2, 5 and 7 %). Moreover, for these last samples, a peak at about 1000 cm−1 in
the Raman spectrum confirmed the persistence of the filler functionalization
even after the inclusion into the polymer matrix. The same did not happened
for the F110S powder: no sulfate peak was detected in the composite mem-
brane, and EDX measurements confirmed the absence of excess sulfur in the
polymer, suggesting a probable detachment of the sulfate groups during the
filler incorporation into the Nafion matrix. As for the propyl sulfonate TiO2,
the functionalization presence was not possible to confirm, due to the low
intensities of the related peaks. The Nafion + S-TiO2 samples were charac-
terized by an irregular morphology, not present in the pure Nafion and in
the tin oxide composite membrane, caused by a not homogeneous filler dis-
tribution. This inhomogeneity was common to all the different nano-filler
percentage explored (2, 5 and 7%), but with an important difference: while in
M5 and M7 samples the filler was present in all the membrane surface, even
if not in the same amount, in the M2 sample filler free zones were detected.
The presence of these zones could break the protons percolation paths, with
a negative impact on the membrane proton conduction.
For both tin and titanium oxide composite Nafion, a detailed Raman analysis,
never performed before on composite membranes, was carried out at differ-
ent ambient relative humidities. The SO−3 peak position revealed important
differences between pure Nafion and the composite membranes and in com-
bination with water uptake measurements this results highlighted a different
water distribution inside the composite membrane at high relative humidity
due to the fillers presence.
This finding underlines how the prediction of the effects of a metal oxide in-
clusion inside the Nafion matrix is not straight forward. The fillers in fact
were added to increase the membrane water uptake, but what really happen
is more complicated: at high RH an effective increase in the water content
near the powder is counterbalanced by a lower hydration near the sulfonate
ions. Moreover, in the S-TiO2 membranes case, a different inner environment
was found also at low relative humidity with respect to pure Nafion, and
subsequent FT-IR measurements revealed that its cause is a probable filler -
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membrane interaction, that resulted in a lower net charge perceived by the
sulfonate ions. A S-TiO2 effect on the Nafion structure was revealed also by
FT-IR. In general the presence of an interaction between powder and polymer
is beneficial for the membrane proton conduction at critical conditions, when,
due to the lack of water, the proton movement is strongly depend on the num-
ber of possible hopping paths. This beneficial effect is in fact confirmed by
the results of membrane resistance obtained in-situ for the M5 sample: com-
pared to pure Nafion, higher conduction values were measured at 30 % RH,
in particular at high temperatures.
The peak position of the SO−3 group at different RH conditions in the Nafion
+ S-TiO2 samples was studied also at 60 °C, to explore a temperature closer
to the real fuel cell working conditions. At low relative humidities the diver-
gence observed between pure Nafion and composite membranes was even
more evident than at room temperature, while at high RH the obtained re-
sults need further investigations in order to be satisfactorily explained, a
study that hopefully will be performed in the near future.
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